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ABSTRACT
Investigations into the importance of the nuclear integrity of the donor cell prior to
nuclear transfer (NT) are limited. In Experiment 1, the proliferative characteristics,
chromosomal stability and level of histone phosphorylation in cell lines established by explants
and enzymatic dissociation at different population doublings (PDs) were investigated. The cells
divided at a constant rate and cell cycle length increased only at the end of the proliferative stage.
The level of aneuploidies was high and remained elevated throughout the study independent of
the technique used to establish the primary culture. High levels of multinucleated cells and
abnormal spindle configurations were observed after prolonged time in culture. An increase in
the level of phosphorylated histones occurred after extended time in culture. In Experiment 2,
gene expression patterns of chromatin remodeling proteins and levels of DNA methylation and
histone acetylation of cells were analyzed. Dnmt-1, MeCP-2 and HDAC-1 expression decreased
shortly after establishment of the primary culture. Methylated DNA patterns changed with time
in culture, while acetylated histone levels remained constant. Embryo production,
developmental potential and gene expression patterns of pre- and post-hatched embryos
generated using donor cells with different levels of Dnmt-1 were examined in Experiment 3. A
higher proportion of 8-16 cell embryos developed to the blastocyst stage when cells with low
levels of Dnmt-1 were used as donor nuclei. Day 13 NT embryos generated using donor cells
with decreased levels of Dnmt-1 and able to reach the 8-16 cell stage produced a larger number
of apparently normal developing embryos, larger conceptuses and higher expression of Dnmt-3a
than NT embryos reconstructed using cells with elevated levels of Dnmt-1. However, abnormal
gene expression of Dnmts, INFτ and MHC-1 were noted in the majority of cloned embryos
indicating inefficient nuclear reprogramming and retarded embryo development. In conclusion,

xiii

it is likely that the chromosomal abnormalities observed in donor cells at late PDs impair early
development of cloned embryos; however, a lower Dnmt-1 content at the time of NT may
facilitate the demethylation process during the first divisions resulting in higher development
rates in those surviving the 8-16 cell stage.
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CHAPTER I
INTRODUCTION
Somatic cell nuclear transfer (SCNT) can be used as a valuable tool for the study of
numerous developmental aspects, including ageing, X chromosome inactivation, genomic
imprinting during gametogenesis, nuclear differentiation during early development and gene
targeting (Prather et al., 1989; Wolffe and Matzke, 1999). The implementation of SCNT
techniques has resulted in the production of numerous domesticated and wild cloned animals.
However, almost a decade after the production of the first viable cloned offspring generated by
SCNT, the efficiency of NT procedures remains at approximately 1%, similar to that reported by
Wilmut et al. in 1997. Improvement of this technique will facilitate the production of transgenic
animals and generate commercial opportunities including xenotransplantation, biopharmaceutical
production, development of animal models of human disease and the production of therapeutic
cell lines (Colman and Burley, 2001).
The inefficiency of nuclear transfer is manifested as low embryonic development and
pregnancy rates, increased pregnancy loss throughout gestation and poor survival of young after
birth. Improper nuclear reprogramming and the failure of the donor nucleus to properly direct
embryonic development from the one cell embryo is the major cause of developmental failure
and abnormal phenotypes in cloned animals (Cezar, 2003).
It has been generally accepted that the inadequacy of the NT procedure and the failure of
the oocyte to reprogram the donor chromatin are responsible for the aberrant development of
cloned embryos (Bourc'his et al., 2001; Dean et al., 2001; Chung et al., 2003). However,
numerous investigations related to these areas have not resulted in any significant progress.
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It is apparent that the major factors resulting in the low efficiency of nuclear transfer have
not been elucidated. Although it is generally accepted that the nuclear integrity of the somatic
cells used as donor karyoplast plays a major role in the success of NT (Mastronomaco et al.,
2006), few studies have characterized the status of the donor cells prior to nuclear
transplantation.
Since Wilmut and Campbell (1998) reported that cell cycle synchrony between the donor
cell and the recipient ooplasm was essential for the production of cloned embryos, investigations
into the efficiency of nuclear transfer have centered on this aspect. However, proliferative
characteristics (regulation of cell cycle length), chromosomal stability and epigenetic
modifications of the somatic cells used as donor karyoplast have not been completely analyzed.
Proper cell cycle regulation and normal chromosomal content of the donor cell are
essential for the proper development of cloned embryos. However, somatic cells rarely retain
such characteristics when cultured in vitro (Kasinathan et al., 2001; King et al., 2006). The
inability to provide an adequate in vitro environment is a likely cause for the abnormal growth
characteristics observed in cultured cells (Denning et al., 2001). Although in vitro culture has
been proven to affect somatic cell proliferation, the impact of these changes in donor cells for
SCNT has not been examined extensively.
In addition to the abnormal proliferation pattern, a proportion of cells may contain an
abnormal chromosomal content following in vitro culture. Conventional culture techniques used
to establish and maintain cell cultures may cause, directly or indirectly, cytokinetic abnormalities
and chromosomal rearrangements resulting in the generation of aneuploid cells (Chu, 1962).
Somatic cells containing abnormal chromosome content are an inadequate source of donor nuclei
for NT (Bureau et al., 2003). The level of aneuploidies in reconstructed nuclear transfer embryos
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will be reflective of the chromosomal content of the donor cells which results in the generation
of non-viable embryos.
With nuclear transplantation, the somatic nucleus carries the specific epigenetic
modifications of its differentiated cell type, which must be altered during nuclear reprogramming
(Cezar, 2003). Two major epigenetic modifications of the genome of somatic cells include
methylation of DNA at cytosine residues and histone protein modifications such as acetylation,
methylation and phosphorylation. Epigenetic modifications of the genome play a significant role
in the expression of the genetic code and affect early growth and development through their
influence on gene expression (Rice and Allis, 2001). The principal function of epigenetic
modifications is to regulate the repression of genes not required in specific cell types at specific
stages of development without changing the DNA sequence (Wolffe and Matzke, 1999).
Donor cells may accumulate a wide variety of nuclear modifications as a result of the in
vitro culture environment. In vivo, somatic cells display highly compacted chromatin, which is
characteristic of differentiated cells. However, cells cultured in vitro for extended periods appear
to have less condensed chromatin patterns than newly cultured cells (Wilson and Jones, 1983).
This difference is likely the result of alteration in the expression of chromatin remodeling
proteins. However, it is unknown if variation in the DNA condensation pattern of donor cells
will have an affect on the efficiency of nuclear transfer.
An increased understanding of the mechanisms involved in cell proliferation,
chromosome segregation and chromatin compaction of cells cultured in vitro will allow for the
identification of optimal culture techniques. In addition, creation or selection of donor
karyoplasts more amenable for reprogramming will ultimately improve NT efficiency.
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CHAPTER II
LITERATURE REVIEW
Cloning by nuclear transfer (NT) in domestic species was first accomplished by the
fusion of sheep embryonic cells into enucleated unfertilized oocytes (Willadsen, 1986). This
procedure was later successfully applied to cattle (Prather et al., 1987; Bondioli et al., 1990;
Stice et al., 1994), goats (Yong and Yuqiang, 1998) and pigs (Prather et al., 1989). However,
NT using early embryonic cells has limited applicability for the production of transgenic
livestock since these type of cells can not be cultured in vitro for genetic manipulation purposes.
In 1997, Wilmut reported the birth of the first cloned sheep using a mammary epithelial cell from
an adult animal as donor karyoplast. Somatic cell NT (SCNT) was the beginning of cloned and
transgenic animal production using differentiated cells (Schnieke et al., 1997).
SCNT can be used as a valuable tool for the study of numerous developmental aspects,
including ageing, X chromosome inactivation, genomic imprinting during gametogenesis
(Prather et al., 1989) and nuclear differentiation during early development (Wolffe and Matzke,
1999). From an animal production point of view, NT offers the possibility of increasing
livestock productivity, decreasing the generational interval of genetically superior animals and
selecting the sex of offspring. In addition, this technique is useful for the creation of transgenic
animals which represent an important strategy in the development of biomedical models and
pharmaceutical research (Colman and Burley, 2001).

Factors Affecting Nuclear Transfer
Despite the efforts to produce cloned animals, the success of SCNT procedure remains
low, with just 1-2% of manipulated embryos resulting in live births (Paterson and Wilmut,
2001). The low percentage of cloned offspring produced by NT has been attributed to a variety
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of factors, including mitochondria heteroplasmy (Chen et al., 2002), reconstruction and
activation failure (Machaty et at., 1999, Galli et al., 2002), poor oocyte quality (Lagutina et al.,
2005), inappropriate culture conditions (Wrenzycki et al., 2003) and abnormal gene expression
(Mann et al., 2003). These aspects have represented the majority of NT investigation in the last
decade. However, few studies investigating the importance of the nuclear status of the donor cell
prior to SCNT have been published. Since Wilmut and Campbell (1998) reported that cell cycle
synchrony between the donor cell and the recipient ooplasm was essential for the production of
cloned embryos, most studies related to the efficiency of NT have centered on this aspect.
However, the investigation of proliferative characteristics (Kasinathan et al., 2001),
chromosomal instability (Mastromonaco et al., 2006) and chromatin structure of cultured donor
cells (Enright et al., 2003a; Wilson and Jones, 1983) have been limited to a few studies.
Cell Cycle Stage
The development of reconstructed embryos following NT appears to be dependent upon a
variety of factors and cell cycle synchrony appears to be a critical aspect. Reprogramming alters
the properties of donor nucleus, so that it becomes comparable with the zygotic nucleus. This
process requires the activity of cell cycle regulating proteins such as maturation promoting factor
(MPF), a complex of two proteins, p34cdc2 and cyclin B. The MPF kinase activity is regulated
by changes in phosphorylation and the association of the two components (Cambell et al., 1996).
The high levels of MPF in the mature, metaphase II oocyte cause nuclear envelop
breakdown and chromosome condensation in the transferred nucleus, irrespective of the cell
cycle stage of the donor cell. Subsequently, the exposure of chromosomes to the licensing
factors in the oocyte cytoplasm leads to the replication of DNA following the decline of MPF
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activity and the reformation of the nuclear membrane (Hanocq-Quertier, et al., 1976; Sunkara et
al., 1979; Campbell et al., 1996, Dynnyes et al., 2002).
The donor nucleus must be in G1 or G0 when transferred to the recipient oocyte
containing high levels of MPF to condense normally and maintain correct ploidy of subsequent
embryos at the end of the first cycle (Campbell et al., 1996; Machaty et al., 2002). If the donor
cells are in S or G2 phase prior to transfer, the high MPF levels will produce pulverization of the
DNA or blastomeres with abnormal chromosome numbers, respectively. On the other hand, if
the oocyte is activated before nuclear transfer to allow MPF levels to drop, nuclear membrane
breakdown of the donor nucleus will not occur. The licensing factors will not have access to the
chromosomes, and as a result, the donor nucleus will regulate when DNA replication should
occur (Barnes et al., 1993; Campbell et al., 1993; Oback and Wells et al., 2002).
Lifespan and Proliferation of Cultured Somatic Cells
During the establishment of the primary culture, cells undergo dramatic rearrangements
in their metabolic pathways in order to adjust to the new in vitro culture conditions. Attachment
and subsequent proliferation of the cells after the primary culture does not indicate that the cells
are metabolically normal; indeed, this only indicates that they are able to survive in the in vitro
environment (Rubin, 1997).
Unlike embryonic stem (ES) cells and transformed cells lines, somatic cells have a
limited proliferative capacity. Cellular lifespan is determined by several parameters, including
culture conditions (Falanga and Kirsner, 1993; Saito et al., 1995), age of the donor animal
(Kasinathan et al., 2001), type of tissue and species (Rubin, 1997).
The limited proliferative capacity of somatic cells has major implications for successful
introduction of targeted genes. Genetic modification and subsequent preparation for NT must be
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accomplished before the cells senesce or enter crisis and transform. It has been previously
estimated that ~45 population doublings (PDs) are required to transfect, select, expand and
prepare cells for NT (Clark et al., 2000). Therefore, the longevity of donor cells in culture is a
key parameter in the development of the capability to carry out gene targeting (Denning et al.,
2001).
Fibroblast cell lines derived from bovine fetuses and calves have similar in vitro lifespans
as fibroblasts obtained from adult animals (30 vs. 20 PDs, respectively; Kasinathan et al., 2001).
Upon initial plating, fetal cells seem to grow faster than calf and adult fibroblasts. However,
growth rate of fetal fibroblasts decline more rapidly than that of calf and adult fibroblasts.
Porcine fetal cells divided approximately 50 times before reaching senescence; however, these
cells appear to go through crisis after ~40 doublings and continued growth is associated with an
aneuploid genotype (Denning et al., 2001). The mean cell cycle length in bovine fibroblasts
ranges from 9.6 to 15.5 h, while porcine cells undergo a cell division every 48-60 h (Denning et
al., 2001; Kasinathan et al., 2001).
Replicative aging results from the progressive shortening of telomeres, the structures that
cap the ends of the chromosomes, preventing them from being recognized as broken DNA ends
in need of repair. Telomere shortening has been correlated with cellular ageing of human
fibroblast and may play a role in induction of replicative cell division arrest or senescence of
cultured human cells (Oback and Wells, 2002). Telomerase, an enzyme expressed in germ lines
and blastomeres of early embryos, can prevent or slow this shortening. Most somatic cells either
lack or express insufficient levels of telomerase to maintain telomeres, and thus experience
progressive telomere shortening with every cell division (Wright and Shay, 2002). Somatic cells
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isolated from older individuals have a shorter replicative lifespan in culture and shorter telomeric
DNA that cells isolated from younger animals (Harley et al., 1990).
Additionally, differences resulting from sample collection techniques indicated that the
initial sample size, that is, the number of cells potentially available to initiate the culture (seeding
density), has an effect on the amount of time necessary for achieving primary confluence and the
number of PDs produced. It has been demonstrated that establishment of primary culture by
enzymatic digestion leads to a higher number of plated cells than explants. The longer time to
primary confluence and the significantly reduced lifespans of the explanted cell lines may be the
result of a smaller number of cells migrating out of the explants compared to the number released
by enzymatic dissociation. Thus, lower-density cultures may exhaust more of their replicative
potential in the initial phase of culture (Mastromonaco et al., 2006).
Chromosomal Stability of Cells Cultured in Vitro
The chromosomal composition of cells in primary cultures and during early periods of in
vitro culture often deviates from in vivo normal tissues (Chu, 1962; Rubin, 1997, Oback and
Wells, 2002). Suboptimal culture conditions during the establishment of the primary culture and
subsequent in vitro growth of somatic cells may alter the cell division process resulting in the
alteration of essential metabolic pathways necessary for the correct functioning and proliferation
of cells. Each nuclear gene is inevitablely subject to a small risk of spontaneous mutations at an
estimated rate of about 10-6 mutations per gene per cell division (Oback and Wells, 2002). Also,
irrespective of cell type, mutations have been reported to accumulate in somatic cells during
ageing and/or time in culture (King et al., 2006).
Extensive heteroploidy is characteristic of many rapidly growing, continuous strains of
human and animal cells of both normal and neoplastic origin. These cells usually consist of a
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mixture of cell types with varying chromosome numbers and altered chromosome morphology,
which are significantly different from the diploid complement (Hsu and Moorhead, 1957).
Chromosomal analyses of bovine, porcine and feline fibroblasts revel that cells cultured
for extended periods display a higher incidence of aneuploidy than in vivo or newly cultured
cells (Denning et al., 2001; Giraldo et al., 2006; Mastromonaco et al., 2006). Denning et al.
(2001) reported that porcine fetal fibroblast cells accumulate aneuploidies progressively with
time in culture. The percentage of cells with abnormal chromosome number increased from 8%
during early passages (1-21 PDs) to 75% in later passages (51 PDs). Similarly, karyotypical
analysis of feline fibroblasts demonstrated that 16% and 50% of the cells were aneuploid at
primary culture and 6th passage, respectively. Continued growth was associated with aneuploid
genotypes, indicating that cells had reached a crisis stage (Giraldo et al., 2004).
Causes of Chromosomal Instability
An important role in genomic stability is carried out by the telomeres. As telomeres
shorten with each cycle, the sticky ends are prone to fusions and translocations, leading to
structural chromosome alteration and subsequent chromosomal instability (Chu 1962;
Mastromonaco et al., 2006). Alterations in the number of chromosomes, on the other hand,
result from the missegregation of chromosomes presumably due to the loss of regulators of the
mitotic spindle apparatus (Levan and Hauschka, 1953). Variation in chromosome numbers can
occur at both the polyploid and the diploid level through mitotic irregularities such as nondisjunction (Ford et al., 1959). Both structural and numerical rearrangements of chromosomes
play an important role in the re-patterning of karyotypes.
Enzymatic dissociation, a technique routinely used in cell cultures, is traumatic to cells
and may produce chromosome breaks (Edwards and Fogh, 1959). Moreover, the presence or
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absence of certain metabolites in the medium may also induce cellular alterations. Metabolic
wastes and cell disintegration products, including purines and pyrimidines, have been suggested
as mutagenic agents. Both purine and purine riboside cause mitotic aberrations, including
chromosome breaks (Biesele et al., 1955), while a thymine analogue, 5-bromodeoxyuridine, has
been shown to accelerate polyploidization and to cause chromosome breaks at specific loci (Hsu
and Somers, 1961).
Alteration of post-translational histone modifications may result in abnormal chromatin
structure. However, the exact mechanisms that lead to improper chromosomal segregation and
aneuploidy remain unknown. It has been suggested that histone H3 phosphorylation at Serine 10
(Ser10) is involved in chromosome compaction during cell division (Wei et al., 1998; GarciaOrad et al., 2001; Hans and Dimitrov, 2001). Abnormal phosporylation of this histone residue
could lead to abnormal chromosome segregation, resulting in extensive chromosome loss during
mitosis (Wei et al., 1999; Ota et al., 2002; Sunavala-Dossabhoy et al., 2003). Suboptimal culture
conditions may lead to abnormal histone H3 phosphorylation patterns, ultimately inducing
missegregation and loss of chromosomes.
Level of Aneuploidy in Cloned Embryos
Appropriate expression of embryonic genes is dependent on the proper nuclear
reprogramming of the donor genome. Diploid chromosome complements are a requirement for
normal gene expression to occur in early cleavage stage embryos (Mastromonaco et al., 2006).
Chromosome abnormalities are detrimental to continued embryo development and are major
source of early embryonic loss (King et al., 2006).
Chromosomal analysis by fluorescent in situ hybridization (FISH) using chromosome
paints specific for the bovine X and Y chromosomes showed that 30% of the embryos produced
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by SCNT had some type of sex chromosome aneuploidy. The levels of aneuploidies in the
reconstructed NT embryos were reflective of the chromosomal abnormalities of the donor cell
line (Bureau et al., 2003). In this case, the level of aneuploidies could be underestimated since
only the sex chromosomes were analyzed.
Giraldo et al. (2004), using traditional karyotyping techniques, demostrated that the
aneuploidy percentage in feline somatic cells increased progressively with duration of culture.
Furthermore, the percentage of chromosomal abnormalities in reconstructed embryos was similar
to that of the cells from which they were derived.
Currently, it is generally accepted that the high incidence of karyotypical abnormalities
detected in SCNT embryos is, at least partially, the result of the abnormal chromosome
complement of the donor cell line.
Epigenetic Modifications
Epigenetic modifications of the genome play a significant role in the expression of the
genetic code and affect early growth and development through their influence on gene
expression (Hiendleder et al., 2004). The principal function of epigenetic modifications is to
regulate the repression of genes not required in specific cell types at specific stages of
development without changing the DNA sequence (Wolffe and Matzke, 1999). A second, but
equally essential role of DNA methylation in mammals is to provide an imprinting mark that
distinguishes between silenced and expressed parental alleles of certain genes (Cezar, 2003).
Two major epigenetic modifications of the genome include methylation of DNA at cytosine
residues and histone protein modifications such as acetylation, methylation and phosphorylation
(Rice and Allis, 2001a).
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DNA Methylation
DNA methylation is involved in controlling essential cellular functions, such as gene
expression, genomic stability, X chromosome inactivation and chromatin structure. The exact
mechanisms that govern this epigenetic change in mammals remain unknown. The process
consists of the covalent addition of a methyl group (-CH3) to the 5-position of the cytosine base
located in the promoter region of a gene (Geiman and Robertson, 2002). This reaction is
catalyzed by DNA methyltransferases (Dnmt) and is generally associated with transcriptional
silencing imprinting due to the inability of transcription factors to bind to methylated DNA
sequences (Hiendleder et al., 2004).
There has been a rapid expansion in the number of enzymes known to catalyze the
cytosine-5 reaction. The first mammalian methyltransferase cloned and characterized is known
as DNA methyltransferase-1 (Dnmt-1). This enzyme is most likely responsible for maintaining
the methylation states of sites during cell division. It is the affinity of Dnmt-1 for the hemimethylated sites resulting from semi-conservative replication that ensures methylation patterns
are maintained once established (Chung et al., 2003). Dnmt-2, a putative cytosine-5
methyltransferases based on sequence homology with other transferases, has not been shown to
be reactive in vitro or in vivo and its function remains unclear (Okano et al., 1998). The more
recently discovered and related enzymes Dnmt-3a and Dnmt-3b, are highly expressed in
embryonic cells and give rise to de novo methylation rather than maintenance activity. These
enzymes are able to establish methylation on one or both strands at sites that were previously
completely unmethylated. The Dnmt-3a and Dnmt-3b enzymes are major players in restoring
methylation levels in post-hatched embryos after the global demethylation occurring during preimplantation stages (Jones and Takai, 2001).

14

Histone Modifications
In eukaryotes, DNA is assembled with histones to form nucleosomes, in which DNA is
wrapped approximately two turns around an octameric complex composed of two molecules
each of the histone proteins H2A, H2B, H3 and H4. The amino termini of histones contain a
diversity of post-translational modifications; the most prominent among these are acetylation and
methylation of lysine residues in the highly conserved amino termini of histones H3 and H4
(Grewal and Moazed, 2003).
Histone acetylation consists of the addition of an acetyl group to a positively charged
lysine residue of the histone N termini. This post-translational modification neutralizes the
positive amino acid charge, decreasing their affinity for DNA, which allows the termini to be
displaced from the nucleosome, causing the nucleosomes to unfold and increasing access to
transcription factors (Grunstein, 1997). This molecular reaction is reversible through histone
deacetylases, which induce the re-packing of the chromatin and lead to gene silencing (McGraw
et al., 2003).
In contrast, histone methylation does not alter the overall charge of the histone tails but
the increasing methyl addition (mono, di or tri) increases the hydrophobicity. Therefore,
methylation of histones may alter the interaction of the histone tails with the DNA and/or
chromatin-associated proteins and hence nucleosomal structure, ultimately leading to gene
silencing (Rice and Allis, 2001a).
Histone Code
Evidence presented principally by Dr. David Allis (Rice and Allis, 2001b) supports the
hypothesis that histone acetylation, methylation and phosphorylation are not independent or
static systems (Jenuwein and Allis, 2001). In contrast, post-translational modifications are a
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dynamic process that establishes a histone code which governs the chromatin configuration and
ultimately determine gene expression (Rice and Allis, 2001b).
The most characterized example of this language of covalent histone modification or
histone code has been established between Lysine 9 (Lys9) methylation and Ser10
phosphorylation in the histone H3. Ser10 phosphorylation inhibits Lys9 methylation but is
synergistically coupled with Lys9 and/or Lysine 14 (Lys14) acetylation during mitogenic and
hormonal stimulation in mammalian cells. In this phosphorylated-acetylated state, the modified
H3 tails result in transcriptional activation (Jenuwein and Allis, 2001). Other pathways affecting
different histone amino acids have been proposed by Grewal and Moazed (2003).
Relationship between DNA Methylation and Histone Modifications
Nan et al. (1998) and Jones et al. (1998) established a direct causal relationship between
DNA methylation-dependent transcriptional silencing and the modification of chromatin through
histone modifications. Both reports supported the theory that methylated DNA assembled into
chromatin binds the transcriptional repressor MeCP-2 (DNA methyl CpG-binding protein-2)
which binds with Sin3 (a co-repressor) and histone deacetylases (HDACs). Ultimately, HDACs
remove acetyl groups from histones H3 and H4, altering chromatin configuration, which further
promotes the inaccessibility of transcription factors to bind to DNA sequences (Cezar, 2003).
Therefore, epigenetic regulation of transcription is not limited to DNA methylation, but also
involves higher-order chromatin remodeling mediated by methylation, acetylation and
phosphorylation of histone tails (Geiman and Robertson, 2002).
The recruitment of Sin3 and HDAC also explains the dependence of transcriptional
silencing on chromatin assembly and the capacity of methylated DNA segments to confer
silencing at a distance in cis (Jones et al., 1998). The potential association of MeCP-2, Sin3 and
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histone deacetylases might explain the requirement of chromatin assembly to direct
transcriptional silencing on methylated DNA. The enzyme HDAC cannot act alone but requires
a nucleosomal infrastructure to silence transcription (Jones et al., 1998). It has been proposed
that DNA methylation initiates repression of gene expression, but the histone modifications
execute the final gene silencing. The synergism between these epigenetic changes is a critical
aspect of the regulation of normal gene expression.
Silencing conferred by MeCP-2 and methylated DNA could be reversed by DNA
demethylation agents or a histone-deacetylase inhibitors such as 5-azacytidine or trichostatin A
(TSA), respectively. Enright et al. (2003b; 2005) reported that the total level of DNA
methylation was significantly reduced by treatment with 5-azacytidine. Interestingly, this was
associated with increased levels of acetylated histone H3, a phenomenon that could be explained
by the reduction of MeCP-2, which in turn removes HDAC resulting in histone hyperacetylation.
The total acetylated histone H3 level was significantly increased following treatment with TSA.
However, as expected from the sequence of events, TSA had no significant effect on DNA
methylation.
Manipulation of Epigenetic Marks of Donor Somatic Cells for NT Purposes
The ability to manipulate chromatin compaction in somatic cells will enhance the
efficiency of SCNT. It has been proposed that cells with hypomethylated DNA and acetylated
histone patterns would likely reprogram more efficiently than cells with highly compacted DNA.
A series of experiments suggested that donor cells may accumulate a wide variety of
chromatin rearrangements as a result of the in vitro culture environment. Wilson and Jones
(1983) demonstrated that the level of methylated DNA of somatic cells decreased with time in
culture. Likewise, Enright et al. (2003a) found that hyperacetylation of the histones occurs in
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somatic cells after extended time in culture. Additionally, Moore et al. (2006) reported that
Dnmt-1 expression decreases significantly in cells after long-term culture.
Kubota et al. (2000) demonstrated that the developmental competence of reconstructed
embryos obtained from cells after long-term culture was significantly greater than embryos
generated using short-term cultured cells. These studies suggest that cells at late PDs may have
more decondensed chromatin than newly cultured cells. These changes in chromatin compaction
may positively affect their capacity to reprogram during SCNT procedure.
The concentration of serum in the culture medium also appears to affect the epigenetic
modifications of cultured somatic cells. Dean et al. (2001) reported that the DNA of non-serum
starved fetal fibroblasts was globally demethylated following fusion with bovine oocytes, while
Bourc'his et al. (2001) did not detect any DNA demethylation in serum starved quiescent somatic
fibroblast after introduction into bovine oocytes. However, Jones and Tarochione-Utt (2004) did
not find any difference in the DNA methylation pattern of somatic cells cultured in the presence
or absence of serum. These observations indicate that cell lines may react differently to the
presence or absence of serum.
Different approaches to artificially manipulate gene silencing in somatic cells, including
the addition of chemical inhibitors, mitotic extracts, gene knock-out and small interfering RNA
(siRNA) have been employed. Enright et al. (2003b; 2005) demonstrated that the use of TSA
and 5-azacytidine modified the epigenetic characteristics of donor cells prior to nuclear
transplantation in a dose-depended manner. In this study, the global DNA methylation and
histone acetylation levels decreased in the somatic cells and the percentage of blastocysts
increased when treated cells were used as donor nuclei. These results suggest that the DNA
methylation and histone acetylation patterns could be manipulated in somatic cells with direct
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effect on the NT-derived embryos. However, chemical inhibitors could also target other proteins
or enzymes and affect other pathways in addition to the targeted system. Moreover, these
hypomethylation and hyperacetylation inducers have been shown to have cytotoxic effects
(Juttermann and Jaenisch, 1994).
Recently, extracts of mitotic cells have been used to induce chromatin remodeling in
donor cells prior to NT (Sullivan et al., 2004). Extracts from mitotic cells have been shown to
support the disassembly of exogenously added nuclei, including nuclear envelop breakdown and
chromosome condensation. Moreover, somatic cell extracts containing nuclear and cytoplasmic
components have been developed to alter chromatin organization and gene expression in
exogenous nuclei or in permeabilized somatic cells (Sullivan et al., 2004).
The overall efficiency of producing cloned calves by using cells treated with mitotic
extracts appears to be similar to conventional NT. Nevertheless, embryos reconstructed with
extract-treated cells exhibit a trend toward enhanced survival of cloned calves at 1 month postpartum (Sullivan et al., 2004). Breakdown of the somatic nuclear membrane prior to
introduction into the recipient oocyte allows the ooplasm factors and mitotic extracts to directly
access and manipulate the donor genome. The exact mechanisms that lead to chromatin
remodeling after the addition of mitotic extracts is unclear. However, it has been shown that the
extracts increase DNA sensitivity to DNAse I and may promote the formation of
transcriptionally active chromatin. This may in turn facilitate the expression of developmentally
important genes (Sullivan et al., 2004). Removal of TATA-binding protein (TBP) from somatic
nuclei has also been induced by intephase Xenopous egg extracts as a result of ATP-dependent
SWI-SNF-complex activity, but was not due to chromosome condensation (Kikyo et al., 2000).
It has been proposed that the addition of mitotic extracts to somatic cells prior to embryo
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reconstruction can result in DNA hypomethylation and hyperacetylated histone patterns due to
the chromatin reorganization enhancing NT efficiency. However, this hypothesis remains to be
tested.
Gene knock-out models generated by interrupting the MeCP-2, Dnmt-1, Dnmt-3a and
Dnmt-3b genes have been reported in mice (Okano et al., 1999; Chen et al., 2001; Guy et al.,
2001). However, this technology is very labor intensive and costly, not only to produce but also
to maintain especially in large animals. In addition, developmental lethality could result from
the gene knock-out (Okano et al., 1999).
Recently, RNA interference (RNAi) has become a powerful and widely accepted tool for
the analysis of gene function in many organisms including plant, invertebrate and mammalian
cells. RNAi is based on double-stranded RNAs (dsRNAs) that trigger sequence-specific
degradation of mRNA. In mammalian cells, it is known that RNAi with dsRNA longer than 30nucleotides triggers interferon-mediated responses, which leads to a general shut-down of gene
expression and cell death. An in vitro-synthesized duplex of 21 base pair small interfering RNA
(siRNA) can mediate RNAi in a sequence-specific manner in cultured mammalian cells. Briefly,
siRNA duplexes bind to a nuclease complex to form the RNA-induced silencing complex or
RISC. The activated RISC targets the homologous transcript by base pairing interactions and
cleaves the mRNA ~12 nucleotides from the 3’ terminus of the siRNA (Haraguchi et al., 2004;
Reich et al., 2003). siRNA introduced by transfection have been shown to effectively reduce the
target mRNA and protein levels in cultured cells including human embryonic kidney, mouse
fibroblasts, Chinese hamster ovary and HeLa (Caplen et al., 2001; Elbashir et al., 2001). The
specificity of siRNA is comparable to gene knock-out experiments but much less time
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consuming and expensive. Chemical inhibitors of protein activity can be inexpensive and quick
to use but are often not specific for their intended target.
siRNA has been previously used to reduce the gene expression of Dnmt-1, Dnmt-3a and
Dnmt-3b. Although the transcript level for Dnmt-1 was effectively reduced in mouse fibroblasts
after siRNA treatment, the protein level remained constant (Adams et al., 2005). These data
suggest that somatic cells may transcribe excessive amounts of Dnmt-1 in order to guarantee
ready availability (Liu et al., 1996). dsRNA technology has also being successfully used for the
silencing of Dnmt-3b in breast cancer cells where levels of these transcripts are high (Leu et al.,
2003).
Epigenetic Modifications of In Vivo Embryos
The most evident gene regulatory role of DNA methylation occurs during the
reprogramming events in the zygote. Following fertilization, there is a genome-wide
demethylation initiated during the S phase of the first cell cycle. Maternal and paternal DNA are
affected in a different manner. The paternal genome in mice and domestic species is subject to
active demethylation immediately after fertilization. Demethylation of the maternal genome
proceeds much slower, by passive failure to methylate progeny strands. Global demethylation
following fertilization affects the majority of the genome, including promoter regions containing
CpG islands of housekeeping genes and repetitive sequences (Cezar et al., 2003). At the
blastocyst stage and beyond, a progressive re-methylation of the DNA, catalyzed by Dnmt-3a
and Dnmt-3b, is necessary to determine the different cell types in the fetus (Jones and Takai,
2001).
Dnmts levels in post-hatched embryos have been studied in mice. In this species, the de
novo methylation, from gastrulation to initiation of the elongation process, is catalyzed by Dnmt-
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3b. During this period, Dnmt-3a mRNA is expressed at low concentrations while Dnmt-1 is not
detected (Monk, 1990), while levels of Dnmt-3a increase during the streak stage (Watanabe et
al., 2002). The expression pattern of Dnmts in post-hatched embryos of other mammalian
species remains unclear.
Epigenetic Modifications in Cloned Embryos
NT-derived embryos face a greater reprogramming challenge than normally fertilized
embryos since they are generated from transcriptionally active cells, whereas gametes, that
generate normal embryos are transcriptionally silent at fertilization (Cezar et al., 2003). With
nuclear transplantation, the somatic nucleus carries the specific epigenetic modifications of its
differentiated cell type, which must be altered during nuclear reprogramming. Failure to erase
and re-establish epigenetic modifications result in lack of embryo totipotency and affect further
differentiation and development (Rideout et al., 2001). The precise nature of nuclear
reprogramming pathways for alteration of epigenetic modifications is largely unknown.
Abnormal methylation patterns have been identified in cloned embryos compared with in
vitro fertilized embryos (Cezar, 2003; Kang et al., 2001a). Evaluation of DNA methylation at
specific sites by bisulfite analysis suggests that methylation levels of cloned bovine morulas
were higher than in normal embryos and thus, resembled methylation levels of the donor-cell
genome (Kang et al., 2001b). Higher methylation levels in cloned bovine morulas are also found
by inmunofluorescence detection of 5-methylcytosine in interphase nuclei (Bourc’his et al.,
2001; Dean et al., 2001). Although the fibroblast nuclei appeared to lose some methylation upon
introduction into enucleated oocytes (consistent with active demethylation), further
demethylation is not observed and precocious de novo methylation occurred in a substantial
proportion of cloned embryos (Dean et al., 2001; Reik et al., 2001).
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The inefficient reprogramming of cloned embryos has been correlated with failure in the
demethylation process, perhaps because the somatic nuclei contain the somatic form of DNA
methyltransferase (Dnmt-1s); which functions to maintain the characteristic methylation level of
the cell type (Reik et al., 2001). Dnmt-1o is the only form of this enzyme expressed in the
embryo and is incapable of maintaining methylation levels in the early cleavage stages because it
remains cytoplasmic until the eight-cell stage (Chung et al., 2003). Genomic-wide DNA
methylation patters are established at the blastocyst stage by de novo methylation, mediated by
Dnmt-3a and Dnmt-3b (Cezar, 2003).
The hypermethylated chromatin pattern observed in cloned embryos may be the result of
the large amount of Dnmt-1s introduced in the recipient oocyte during NT, exceeding the
capacity of the oocyte to induce demethylation (Chung et al., 2003). This hypothesis is
supported by the observation that a higher production of healthy animals are born from NT
embryos generated from ES cells (a less differentiated cell type with low levels of Dnmt-1)
compared with clones derived from somatic cells (Kono, 1997).
The evidence suggests that the inefficiency of NT procedure could reflect the poor ability
of oocyte cytoplasmic factors to entirely remove the epigenetic features of a somatic cell, a
function not normally occurring in oocytes (Beaujean et al., 2004). Therefore, it is possible that
the epigenetic modifications existing in donor somatic cells may affect their reprogrammability
following NT.
Facilitation of Nuclear Reprogramming in Cloned Embryos
Several studies have attempted to facilitate the nuclear reprogramming process in cloned
embryos through the use of reagents known to affect or be involved in, directly or indirectly,
chromatin remodeling.

23

Although the mechanisms that control nuclear reprogramming are unknown, it has been
previously hypothesized that the occurrence of nuclear envelope breakdown and premature
chromosome condensation in the donor nucleus are beneficial (Lee et al., 2006a). Studies have
demonstrated that treatment of oocytes with caffeine, a protein phosphatase inhibitor, increase
the activities of both MPF and mitogen activated protein kinase (MAPK) in enucleated oocytes
and results in a significant increase in the occurrence of nuclear envelop breakdown and
premature chromatin condensation in donor nuclei. Ovine SCNT embryos reconstructed
following caffeine treatment have significantly higher cell numbers at the blastocyst stage than
control embryos (Lee et al., 2006b). It has been demonstrated that the use of caffeine-treated
oocytes as cytoplast recipients can regulate expression of several developmentally important
genes in ovine SCNT embryos, including Oct-4 and INFτ (Choi et al., 2006). Although the
frequency of pregnancy between traditional NT and caffeine-treated ovine embryos at 30 days is
not statistically different, control SCNT embryos show significantly lower pregnancies than
caffeine treated SCNT embryos at both 60 and 90 days. These observations indicate that
embryos reconstructed using caffeine-treated cytoplasms induce pregnancy at the same
frequency as untreated controls; however, caffeine-treated embryos maintain pregnancy at a
higher frequency (Maalouf et al., 2006).
TSA, an inhibitor of histone deacetylase, has been previously used to reduce the somatic
epigenetic marks observed in cloned embryos and facilitate nuclear reprogramming. Although
numerous studies have examined the effect of this acetylation inducer, the results are highly
variable. Rybouchkin et al. (2006) reported that the percentage of blastocysts was at least two
times higher than in controls. Moreover, the quality of blastocysts from treated cells was
increased as determined by the number of cells in the inner cell mass (ICM) and trophectoderm
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(TPD). However, addition of TSA did not increase full-term development of NT embryos
compared with untreated embryos. Similarly, Kishigami et al. (2006) showed that treatment with
TSA following oocyte activation resulted in more efficient in vitro development to the blastocyst
stage of mouse cloned embryos from two- to five-fold depending on the donor cell.
The addition of TSA to post-activated bovine oocytes does not result in a consistent
increase in blastocyst rate as has been observed in cloned mouse embryos. While Iwamoto et al.
(2007) reported a significant increase in blastocyst production when TSA was used, Akagi et al.
(2007) found a higher cell number in the treated embryos but differences in embryo development
were not detected. These results indicate that although treatment with TSA does not appear to be
detrimental for bovine embryo development, significant beneficial effects are not observed. The
high variability between studies may be a consequence of differences between species, dosages
and length of the treatment.
Ideal Somatic Cells Characteristics for NT Purposes
In SCNT, nuclear totipotency can be reestablished by erasing epigenetic constraints
imposed on the donor genome during differentiation in a process which involves active
chromatin remodeling. Various donor cell types and cell cycle combinations have proven to be
capable of generating cloned offspring. However, an ideal nuclear donor has not been
completely identified (Oback and Wells, 2002).
Somatic cells are expected to have patterns of DNA methylation and histone modification
compatible with their differentiated state (Smith and Murphy, 2004) making nuclear
reprogramming more difficult during NT procedures. The process of differentiation results in
structural constraints of the chromatin, which limit access of the transcriptional machinery to
regulatory sequences (Enright et al., 2003a).
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In the traditional view that developmental plasticity decreases as differentiation increases,
somatic cells should be less reprogrammable during NT than ES cells due to the high level of
DNA compaction. Fibroblast cells artificially engineered to contain reduced levels of global
DNA methylation have been proven to be as efficient as neural stem cells and ES cells in the
generation of cloned animals, supporting the notion that the epigenetic state of donor cell affects
the reprogrammability of the nucleus (Blelloch et al., 2006).
In addition to the differentiation status of the cell, proper cell cycle regulation and normal
chromosome content of the donor cells are essential for the normal development of cloned
embryos. The use of aneuploid cells as donor nuclei results in abnormal cloned embryos
(Mastromonaco et al., 2006) and karyotypically abnormal embryos do not develop or die shortly
after the first divisions.
Given the fact that the chromosomal complement and cell cycle regulators of somatic
cells are altered shortly after in vitro culture, it is possible that ideal donor cells do not exist and
the successful reprogramming of a small portion of cloned embryos is an extremely rare event.
The characteristic that makes these few cells capable of reprogramming adequately are unknown.
Use of Stem Cells as Donor Karyoplast in NT
As previously discussed, differentiated somatic cells possess extensive chromatin
modifications, which may be less efficiently reprogrammed when introduced into oocyte
cytoplasm compared with undifferentiated cells. Direct comparison of cloning efficiency
between totipotent ES cells and somatic cells in the mouse indicate that NT embryos derived
from ES cells that reach the blastocysts stage, develop to term at a 10- to 20-fold higher
efficiency than those derived from somatic donor cells (Feil and Khosla, 1999; Oback and Wells,
2002). Cloned pups can not be produced directly from cloned embryos derived from
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differentiated B and T cells or neuronal cells (Wakayama and Yanagamachi, 2001; Hochedlinger
and Jaenisch, 2002; Eggan et al., 2004). These observations suggest that the nucleus of an
undifferentiated cell might be more amenable to or require less reprogramming than the nucleus
of a differentiated somatic cell (Rideout et al., 2001).
The use of bone marrow stem cells (MSC) to reconstruct porcine embryos did not show
an increase in cleavage rates compared with adult fibroblasts. However, the percentage of
embryos that developed to the blastocyst stage almost doubled (Faast et al., 2006). In a similar
experiment, Jin et al. (2006) reported that blastocyst rates of NT embryos derived from MSC
were higher than embryos generated with fibroblast cells. Additionally, total cell number and the
ratio of ICM to total cells were significantly higher than in embryos generated with fibroblasts
(Jin et al., 2006). These results support the hypothesis that a less differentiated cell such as MSC
can increase cloning efficiencies in porcine. These observations also demonstrate that
multipotent MSC are a suitable alternative to somatic cells as donor cells.
In contrast to the encouraging results obtained in pigs, recent studies in the mouse
indicate that stem cells may not be the most adequate donor cells for cloning purposes, at least in
this species (Inoue et al., 2006; Sung et al., 2006). Inoue et al. (2006) showed that blastocyst
production using hematopoietic stem cells (HSC) was low and the birth rates per transfer were
not higher than those of clones generated using cumulus, fibroblast or Sertoli cells. Additionally,
Sung et al. (2006) reported that the percentage of cloned blastocysts increases over the
differentiation hierarchy and that terminally differentiated postmitotic cells yield cloned pups
with the greatest efficiency. This evidence indicates that there is no apparent advantage in using
stem cells over differentiated cells as nuclear donors with the current SCNT-based technology.
Conversely, these data suggest that cloned animals can be more successfully produced when
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terminally differentiated somatic cells are used as donor karyoplast, an observation that reverses
the current popular hypothesis.
At this time it is unclear why the nucleus of HSC does not successfully reprogram once
introduced into recipient oocytes during the NT procedure. It is also unknown if this is a
species-specific characteristic or is common among mammals. Since the use of ES cells clearly
increase the efficiency of NT in mouse (Wakayama et al., 1999), it is possible that other stem
cell types, except HSC, have an advantage over differentiated cells.

Gene Expression Profile of Cloned Embryos
Improper epigenetic reprogramming of somatic cells used for cloning is likely to result in
altered imprinting, which itself is regulated by DNA methylation (Mann et al., 2003).
Additionally, incomplete nuclear reprogramming may be considered one of the major causes of
developmental failure and placental abnormalities in cloned animals.
Several studies have reported that a high percentage of the NT-derived embryos that
survive to the blastocyst stage have hypermethylated DNA in the trophectoderm cells. Even
embryos of high morphological quality exhibit some level of epigenetic aberration in
trophectoderm cells (Chung et al., 2003). These abnormalities may lead to abnormal placental
development and implantation (Beaujean et al., 2004).
Gene Expression of Pre-Hatched Cloned Embryos
Due to the high percentage of placental and morphological abnormalities that have been
correlated with aberrant chromatin remodeling in cloned fetuses, the study of imprinted genes
and early gene expression has attracted considerable attention. Gene expression of transcription
factors (Oct-4, H19 and Sox-2), growth factors (IGF-1, IGF-1r, IGF-2 and IGF-2r), stress
adaptation (Hsp70 and Hsp27), metabolism (Glut-1, Glut-3 and Glut-4), compaction/cavitation
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(DcII and connexin), trophoblastic function (INFτ) and nuclear reprogramming factors (H2A and
His4h4) have been largely investigated in cloned embryos.
The imprinted gene IGF-2 encodes a fetal growth factor and is expressed mostly on the
paternal chromosome, whereas the imprinted H19 gene is expressed almost exclusively on the
maternal allele. Both the paternal silencing of H19 and maternal repression of IGF-2 depend on
an H19/IGF-2 imprint control region located 5’ of the H19 gene (Doherty et al., 2000; Wu et al.,
2004). Failure of nuclear reprogramming during NT may lead to elevated IGF-2 concentrations
as result of the biallelic (paternal and maternal alleles are active) expression of this gene. This
increased gene expression has been associated with fetal overgrowth in mice and changes in
IGF-2 receptor expression have been observed in large sheep and bovine offspring (Stojanov and
O'Neill, 2001). Additionally, cloned embryos exhibit an abnormal methylation pattern at the
H19 region during development to the blastocyst stage. Mann et al. (2003) demonstrated that the
aberrant methylation pattern in the H19 region observed in NT embryos is not caused simply by
in vitro culture or other procedures but, rather, is a specific attribute of cloned embryos.
Oct-4 is the product of the Pou5f1 gene, and its expression is associated with pluripotent
cells and germ cells of the developing embryo. Oct-4 mRNA and protein have been found in
unfertilized murine oocytes and in the nuclei of subsequent cleavage stages but is reduced in the
blastocyst stage. At day 8.5 of murine gestation the Pou5f1 gene undergoes hypermethylation
and the expression of Oct-4 becomes restricted to the primordial germ cells (Kirchhof et al.,
2000; Pesce et al., 1998). The low expression of Oct-4 in cloned blastocysts supports the theory
that reprogramming is abnormal or incomplete in these embryos (Chung et al., 2003; Mann et al.,
2003).
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Gene Expression of Post-Hatched Cloned Embryos
Genes change their expression levels during the embryonic elongation period to support
the complex mechanisms of embryogenesis and implantation. In ruminants, the trophoblast
elongates exponentially before implantation. Several observations provide evidence that intense
trophoblastic cell multiplication precedes cellular differentiation (Wintenberger-Torres and
Flechon, 1988) and that early elongation relies on the cell growth and cell shape remodeling.
The genes identified during elongation are related to molecules involved in fetomaternal
exchanges before implantation and to functions underlying such as differentiation. Genes,
inclunding interferon tau (INFτ), matrix metalloproteinases, heparanase and retinoid X receptors
(Ushizawa et al., 2004), are expressed during the period from blastogenesis through
implantation. In contrast, a different subset of genes such as myotrophin and major
histocompatibility complex class I (MHC-I) are down-regulated during this period (Hill et al.,
2002; Ushizawa et al., 2004; Chavette-Palmer et al., 2006).
Intensive INFτ expression has been reported during the implantation period in cattle
(days 14 to 21). The trophoblast elongates and grows into a thread-like structure during this
period and produces INFτ which inhibits luteolysis and plays a role in embryonic survival by
mediating embryomaternal crosstalk (Bazer et al., 1997). In addition to its anti-luteolytic
function enabling the establishment of gestation in cows, INFτ participates in various other
functions necessary for embryo survival (Roberts et al., 2003). INFτ has been reported to have
an immunoregulative effect (Roberts et al., 1989) and also modulates the expression of MHC-I
antigen in mouse trophoblast cell cultures (Zuckermann and Head, 1986).
The concentration of INFτ has been evaluated in cloned embryos. INFτ transcription in
bovine embryos generated by SCNT is significantly reduced compared with in vitro embryos on
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day 7 (Stojkovic et al., 1999; Wrenzycki et al., 2001). However, levels of this transcript in
cloned embryos at later stages have not been investigated.
All nucleated cells express MHC-I molecules, which present peptides produced by
degradation of the cell’s internal molecules for recognition by CD8+ lymphocytes (Hill et al.,
2002). In second trimester bovine pregnancies, no trophoblast MHC-I expression is found in
either placentomal or interplacentomal areas until the fifth month of pregnancy, when there is
up-regulation of trophoblast MHC-I in the interplacentomal regions (Low et al., 1990; Davies et
al., 2000). Down-regulation of this transcript during the first trimester of gestation is required in
order to allow intimate contact between placenta and endometrium without causing maternal
rejection (Kydd et al., 1991). High expression of MHC-I by trophoblast cells in cloned
conceptuses may cause maternal rejection and abortion. Hill et al. (2002) reported that high
trophoblast MHC-I expression was characteristic of cloned fetuses (days 34-63) and results in
increase number of CD3+ lymphocytes in the endometrium. Abnormal T lymphocyte numbers
and distribution may be a cause or symptom of the high early embryonic mortality observed in
cloned pregnancies. The signal to suppress MHC-I expression may not be active or temporally
altered in cloned embryos (Hill et al., 2002).
In conclusion, the mechanisms involved in nuclear reprogramming are numerous and
poorly understood. More detailed information of the processes involved in epigenetic
modifications and the resulting chromatin compaction of donor cells and cloned embryo nuclei
will enhance our ability to manipulate the pathways of cellular differentiation and increase the
efficiency of nuclear transfer.
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CHAPTER III
PROLIFERATIVE CHARACTERISTICS AND CHROMOSOMAL
STABILITY OF BOVINE DONOR CELLS FOR NUCLEAR TRANSFER*
Introduction
Somatic cell nuclear transfer (SCNT) is a valuable tool for the study of embryonic
development (Prather et al., 1989), production of genetically superior or transgenic animals and
generation of biomedical models (Colman and Burley, 2001). Despite considerable efforts to
produce cloned animals, the success of NT remains low, with just 1-2% efficiency (Kues et al.,
2000). The low percentage of cloned offspring produced has been attributed to a variety of
biological factors, including asynchrony between donor cell and recipient cytoplasm (Boquest et
al., 1999), mitochondria heteroplasmy (Chen et al., 2002), failure of the donor karyoplast to
reprogram during early embryonic development (Dean et al., 2001; Cezar et al., 2003; Enright et
al., 2003), limited proliferative capacity (Denning et al., 2001) and chromosomal instability of
the donor cells cultured in vitro (Giraldo et al., 2004, 2005).
Successful genetic modifications and NT are only possible by using normal diploid cells
before they reach senescence and die (Denning et al., 2001). However, few studies have
characterized donor cell lines in terms of proliferative capacity and chromosomal stability when
cultured in vitro (Kasinathan et al., 2001; Slimane et al., 2002). The lifespan of somatic cells is
affected by culture conditions (Falanga and Kisner, 1993), age of the donor animal (Kasinathan
et al., 2001), tissue and species of origin (Rubin, 1997). Kasinathan et al. (2001) estimated that
fetal bovine fibroblasts divided 30 times before reaching senescence; however, variations in the
proliferative capacity can occur due to slight changes in the culture conditions.
* This is a reprint of an article published in Molecular Reproduction and Development, Giraldo AM, Lynn JW,
Godke RA, Bondioli KR. Proliferative characteristics and chromosomal stability of bovine donor cells for nuclear
transfer. 73:1230-1238 (2006), with permission from Wiley URL: http://www.interscience.Wiley.com
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In vivo, each nuclear gene is subject to a small risk of spontaneous mutation at an
estimated rate of ~10-6 mutations per gene per cell division (Oback and Wells, 2002). However,
abnormal chromosomal composition of tissues in primary cultures or during early periods in
culture is higher than in in vivo tissues (Chu, 1962). Also, irrespective of the cell type,
mutations accumulate in somatic cells during ageing and/or time in culture (Oback and Wells,
2002). Extensive heteroploidy is characteristic of many rapidly growing, continuous strains of
human and animal cells of both normal and neoplastic origin. These cells usually consist of a
mixture of cells with varying chromosome numbers and modified chromosome morphology,
which are quite different from the diploid complement (Hsu and Moorhead, 1957).
The use of aneuploid cells as donor karyoplast for NT would likely lead to the production
of abnormal cloned embryos. Chromosomal analysis by fluorescent in situ hybridization (FISH)
using chromosome paints specific for the bovine X and Y chromosomes showed that 30% of the
embryos produced by SCNT had some type of sex chromosome aneuploidy. In addition, the
level of aneuploidy in the reconstructed embryos was reflective of the chromosomal
abnormalities of the donor cell line (Bureau et al., 2003). However, the level of aneuploidies
was clearly under estimated since only the sex chromosomes were analyzed.
A number of known cytological mechanisms can account for the formation of abnormal
chromosome number and morphology in cell strains. Cytokinesis failure, mitotic irregularities
and abnormal chromosome segregation can all result in abnormal karyotypes (Levan and
Hauschka, 1953; Ford et al., 1959; Chu, 1962). An additional proposed mechanism is abnormal
phosphorylation of the histone H3 at the serine 10 during metaphase leading to abnormal
chromosome condensation and chromosome loss during mitosis (Wei et al., 1999; Ota et al.,
2002; Dossabhoy et al., 2003).
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During mitosis, DNA is compacted nearly 100,000 fold to ensure proper segregation of
the genetic material to daughter cells. Faithful segregation of sister chromatids requires proper
condensation of the fiber during exit from mitosis. Specific post-translational modifications of
histones, particularly phosphorylation, correlate with folding and unfolding of the chromatin
fiber during mitosis Wei et al., 1998; Garcia-Orad et al., 2001; Hans and Dimitrov, 2001). Wei et
al. (1998) proposed that this modification induces a local decondensation of the chromatin fiber
allowing the chromosome assembly factors to make contact with the chromatin and thus,
assisting in the condensation of chromosome during cell division. Additionally, Cheung et al.
(2000) hypothesized that the phosphorylation of the histones may induce a direct interaction
between chromosome condensation factors. Independent of the mechanism, abnormal
phosphorylation patterns during mitosis induce improper chromosomal segregation.
Time in culture induces changes in post-translational modifications of histone H3 (lysine
18), H4 (lysine 8) and H1 (Enright et al., 2003). It is also possible that in vitro culture conditions
induce changes in the level of phosphorylated histone H3 resulting in abnormal chromatin
structure, missegregation and loss of chromosomes.
Since culture conditions may alter the normal proliferation and chromosomal
complement of the donor cells used for NT, this study examines growth characteristics and
chromosomal stability of bovine cell lines derived by different techniques at several population
doublings (PDs). Additionally, we investigated if the level of aneuploidies in bovine fibroblast
cells cultured in vitro correlates with the abnormal histone H3 phosphorylation patterns. An
increased understanding of the mechanisms involved in chromosome segregation failure will
allow the identification and modification of suboptimal culture techniques which ultimately will
increase the efficiency of the NT procedure.
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Materials and Methods
Establishment of the Primary Cultures
Primary cultures of fibroblasts were established from eight 50-day-old bovine fetuses
recovered from a local abattoir. Tissue from decapitated and eviscerated fetuses was cut into 1mm2 pieces and washed three times in Dulbecco’s Phosphate-Buffered Saline (DPBS) containing
1% penicillin/streptomycin (P/S). Cell lines from each fetus were established using either 1)
enzymatic disaggregation or 2) simply outgrowth from explants.
For enzymatic dissociation, the tissue pieces were placed in a conical tube with
Dulbecco’s Modified Eagle Medium with high glucose (DMEM) containing 0.5% of collagenase
type I in 5% CO2 at 39°C for 3 h. DMEM with 10% calf serum (CS) was added to inactivate the
enzyme and the cell suspension was centrifuged at 350 x g for 5 min. Cells were resuspended in
DMEM plus 10% CS and 1% P/S and cultured in 25-cm2 flasks under 5% CO2 and 90%
humidity at 39°C. The fibroblast monolayer was passaged when they reached 100% confluence.
For primary cultures of fibroblasts established using explants, pieces of minced skin were
manually placed on the bottom of 25-cm2 flasks with 2 ml of DMEM plus 10% CS and 1% P/S.
After 48 h of culture, under the conditions described above, 3 ml of medium was added to each
flask. The cells were passaged at 50% of confluence.
Cell Culture Maintenance
With the exception of the primary culture, the fibroblasts were passaged at 80%
confluence. Cultures were passaged by releasing cells with trypsin (0.25%), counted using a
hemacytometer and re-seeded at an initial concentration of 100,000 cells/flask.
PDs and cell cycle length were calculated at every passage. PDs were calculated by the
following equation: log (final concentration/initial concentration) x 3.33 (Arat et al., 2002). Cell
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cycle length for every passage was calculated by dividing the number of days a cell culture
required to reach 80% confluence by the number of PDs. These parameters were calculated in
continuously proliferating cells without intermediate freeze/thaw procedures.
Cell Cryopreservation
Fibroblast cells at different PDs were frozen and thawed as needed. For cell freezing, the
fibroblasts were resuspendend in DMEM supplemented with 10% CS and 10% dimethyl
sulfoxide (DMSO) and cooled at 1.0°C/min until reaching -80°C before storage in liquid
nitrogen. Approximately 1,000,000 cells were frozen in 1 ml of freezing medium per cryovial.
Cells were thawed by holding the cryovial for 10 sec at room temperature followed by
submersion in 38°C water. Thawed cells were washed once in culture medium before being
replated.
Karyotypic Analysis
Chromosome number of fibroblasts of eight fetuses were analyzed at different PDs. The
fibroblasts used to assess the chromosome stability of the cell line did not undergo freeze/thaw
procedures. Twenty-four hr prior to the karyotypic analysis the cultured cells were trypsinized
and passaged with an initial concentration of 500,000 cells per flask. Actively dividing cells
were synchronized with Colcemid® (0.05 µg/ml) for 20 min. The cell monolayer was then
trypsinized, incubated with hypotonic solution (sodium citrate) for 5 min at 38°C and fixed with
acetic acid:methanol (1:3) for 24 h at -20°C. Cells were washed in cold fresh fixative and three
drops containing fixed cells were placed on precleaned slides (Gold Seal® Products 3050) held
at room temperature. Chromosomes were stained with Giemsa (0.4%) for 15 min. Cells were
dissociated with collagenase during the establishment of the primary cultures but without cell in
vitro culture (control) and were fixed and stained, as previously described.
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In this study, spreads produced by conventional karyotyping were carefully selected to
avoid miscounting of the chromosomes. A digital picture of every selected metaphase was taken
and each chromosome was digitally marked to avoid double counts. The cell lines in this study
were incubated with low doses of Colcemid® for only 20 min to minimize induced aneuploidies.
Images of chromosomal spreads were taken using bright field microscopy with a 100X
objective. Chromosomes were counted in each image using Adobe Photoshop 6.0. Overlapped
and overspread metaphases were not included in the analysis. A total of 1,802 spreads of 2,236
images were analyzed for this study.
Phosphorylated Histone H3 Immunolabeling
Cells were trypsinized, pelleted by centrifugation and washed in DPBS (Ca+2 and Mg+2
free). Dissociated cells were fixed using a fixation and permeabilization kit (Caltag). Briefly, 1
x 106 cells were incubated with 100 µl of the fixative medium for 3 min at room temperature
followed by the addition of 3 ml of precooled absolute methanol (4°C). Cells were vortexed and
incubated for 10 min at 4°C. Fixed cells were centrifuged for 3 min at 300 x g and washed in 3
ml of DPBS. The cell pellet was resuspended and incubated in 100 µl of the permeabilization
medium for 30 min at room temperature. Nonspecific binding sites were blocked with 0.5%
bovine serum albumin (BSA) in DPBS. Fibroblasts were incubated with a mouse monoclonal
anti-phospho-histone H3 (ser10) antibody (10 µg/ml, Upstate, Lake Placid, NY, USA) for 30
min at room temperature, followed by labeling with a goat anti-mouse IgG conjugated with
Alexa Fluor® 488 (40 µg/ml, Molecular Probes, Eugene, OR, USA). After labeling with the
secondary antibody, the cells were counter stained in a sodium citrate solution (0.112%)
containing 50 µg/ml propidium iodide (PI) and RNase (10 µg/ml) for 30 min at room
temperature. The cells were then washed and resuspended in DPBS for flow cytometric analysis.
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Flow Cytometric Analysis of DNA Content and Phosphorylated Histone H3 (Ser 10)
Determination of the relative level of the phosphorylated histone H3 (ser10) and DNA
content was performed in a FACScan (Becton Dickinson Immunocytometry Systems, San Jose,
CA, USA). Labeled cells were excited at 488 nm with a 15-mW argon laser. A 610-nm
diachronic mirror (beam splitter) and a 610/20 nm band pass filter were used to detect PI levels
(red fluorescence, FL3-channel). Differences in DNA content was used to determine ploidy,
phases of the cell cycle and gate cells in metaphase. Phosphorylated histone H3 of cells in
metaphase was detected at 530/30 nm in the FL-1 channel (green fluorescence). A minimum of
10,000 events were analyzed per cell line at different PDs. Histograms and dot plots were
generated using CellQuest software. Relative levels of fluorescence were reported as arbitrary
units of fluorescence (AU).
Detection of Multinuclear Cells
Cells at different PDs were trypsinized, pelleted by centrifugation and incubated in a
sodium citrate solution containing 50 µg/ml PI, RNase and 0.1% (v/v) Triton X-100 for 30 min
at room temperature. Number of nuclei per cell were determined using an epifluorescent
microscope equipped with a rhodamine filter cube. A total of 100 cells were analyzed per PD.
Three replicates of each cell line at each PD were performed.
α-tubulin Immunolabeling
Cells growing on a slide were fixed in situ similarly as described above. After fixation
and permeabilization the cells were incubated with a rat polyclonal anti-α-tubulin (10 µg/ml,
Serotec, Raleigh, NC, USA). Goat anti-rat IgG (Alexa Fluor® 488; 40 µg/ml, Molecular Probes)
was used to label the cells. Finally, the cells were counter stained with 50 µg/ml PI. Spindle
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structure was observed with epifluorescence microscopy. One hundred metaphase plates were
analyzed per PD. Two replicates were performed per PD.
Experimental Design
Experiment 1
Two primary cultures were established using simple outgrowth from each of four cell
lines with approximately the same number of skin explants and cultured under identical
conditions (XB1-XB4). One culture was used for karyotypic analysis and the second for
subculturing, freezing and calculating the cell cycle length and the PDs. The new subcultures
were used again to determine cell cycle length and PDs until the cells reached senescence and
ceased dividing. Level of aneuploidies were analyzed at early (1-9 PDs), middle (10-19 PDs)
and late (>20 PDs) passages.
Experiment 2
Tissue from each of four additional fetuses was used to establish primary cultures using
both enzymatic dissociation (ZB5-ZB8) and explants (XB5-XB8) techniques. Chromosome
number, cell cycle length and PDs were calculated for cells established by both techniques as
described in Experiment 1. Percentage of aneuploid cells were calculated at 1-19, 40-59 and >60
PDs.
Nucleus Status, Spindle Structure and Chromatin Condensation of Fetal Fibroblast Cell Lines at
Different PDs
Cryopreserved fibroblasts from eight cell lines (Experiment 2) at different passages were
thawed and used to determine number of nuclei per cell after staining with Hoechst 33342. Two
cells lines at different PDs were labeled against α-tubulin and counter stained with PI to analyze
chromosome condensation and spindle structure.
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Levels of Phosphorylated Histone H3 (Ser10) in Fetal Fibroblast Cell Lines at Different PDs
Twelve cell lines (Experiment 1 and 2) established by either enzymatic dissociation or
explants were thawed and cultured until reaching confluence before being fixed and labeled with
an antibody against phosphorylated histone H3 at amino acid 10 (serine). Flow cytometric
analysis was used to quantify global levels of phosphorylated histone H3 in three replicates per
cell line at 1-9 and 20-30 PDs. Appropriated controls for nonspecific binding by the primary and
secondary antibody were included.
Statistical Analysis
Variances in lifespan, cell cycle length and relative levels of phosphorylated histone H3
for all the cell lines were calculated by ANOVA and the differences between cell lines and PDs
were statistically analyzed by using Tukey’s test. Differences of aneuploidies and spindle
abnormalities between cells lines and PDs were verified by Chi-square analysis. In this study
P<0.05 was considered significant. Data were analyzed using SigmaStat Statistical Software
(Version 2.0).

Results
Cell Cycle Length, Lifespan and Chromosome Stability of Cells in Culture
Experiment 1
The cell cultures completed approximately one cell cycle per day. All four cell lines
doubled their population uniformly every 26 h. However, the cell cycle length increased
dramatically up to 50 h five PDs before the cells reached senescence in each line. Senescent
cells were defined as fibroblasts with irreversible growth arrest, flat-cell morphology, enlarged
cytoplasm and heterogeneous cell shapes. The cell lines underwent between 31 and 36 PDs prior
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to senescence (Table 3.1). No significant variation in lifespan and proliferative characteristics
was detected between cell lines.
The proportion of aneuploid cells for all the cell lines was elevated at the end of the
primary culture and increased progressively with PDs. Aneuploidies of cells between 1-9 PDs
were significantly lower than cells after their 20th division (47.9% vs. 85.0%, respectively; Table
3.1).
Experiment 2
Differences in cell cycle length and lifespan were noted between cell lines independently
of the technique used to originate the primary culture. Seven of the eight cultures established by
explants or enzymatic dissociation completed a cell cycle faster during the early and middle
passages than later in culture (25.2±7.7 vs. 45.6±12.6 h). The cell line ZB7 established using the
enzymatic dissociation technique did not show a change in the division rate during the culture
interval (Table 3.2).
The percentage of aneuploid cells of cultures established using either enzymatic dispersal
or explant outgrowths was significantly greater after a short term in culture (1-19 PDs; 56.9%)
than cells that did not undergo in vitro culture (0%, a total of 16 metaphases were analyzed).
The high level of abnormal chromosome number remained elevated until senescence and was
significantly different between cell lines (Table 3.3). The level of aneuploidy was constant
between PDs for seven of the cell lines analyzed; however, old cells showed more dramatic
variation in the chromosome number than cells at early passages.
The elevated levels of aneuploidy and changes in DNA content noted in the karyotyping
where further corroborated by flow cytometric analysis. After prolonged time in culture, a
significant increase in the variability of DNA content of cells in the G0/G1 phase was observed
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Table 3.1. Level of aneuploid cells at different population doublings, cell cycle length and lifespan
of fetal bovine fibroblast cells.
Cell
line

CCL ± SD
(h)†

Lifespan
(PDs)

XB1

23.8 ± 11.2

XB2

Aneuploid cells (%)
Metaphases
analyzed

1-9 PDs

10-19 PDs

>20 PDs

35.9

210

44.9 a

67.7 ab

79.9 b

23.0 ± 8.1

35.0

210

51.6 a

65.5 a

86.6 b

XB3

30.8 ± 16.7

31.0

210

41.6 a

67.7 b

83.3 b

XB4

27.2 ± 9.6

32.2

210

53.3 a

68.8 a

90.0 b

Mean

26.2 ± 3.6

33.5 ± 2.3

840*

47.9 ± 5.5 a

67.4 ± 1.4 b

85.0 ± 4.3 c

CCL = Cell Cycle Length; SD = Standard Deviation; PDs = Population Doublings.
* Total number of metaphases analyzed.
†
Calculated from primary culture until 5 PDs before reaching senescence.
Standard deviation was calculated for the mean of every parameter evaluated.
Different letters within rows indicate significant difference between PDs.
Chi square analysis was used to determine statistical differences in the level of aneuploidies between
PDs (P<0.05).
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Table 3.2. Lifespan and cell cycle length of fetal bovine cell cultures established using explants and enzymatic dissociation.
Cell cycle length ± SD (h)
Treatment
Explants

Cell line

Lifespan (PDs)

XB5
XB6
XB7
XB8

Enzymatic dissociation

ZB5
ZB6

1-19 PDs

20-39 PDs

40-59 PDs

>60 PDs

52.3

18.9 ± 3.6 a

25.3 ± 7.8 a

46.2 ± 17.2 b

-

36.5

20.2 ± 2.8

a

-

-

24.2 ± 4.4

a

19.3 ± 2.6

a

17.8 ± 3.3

a

20.7 ± 4.9

a
a

55.3
58.5
43.5

ZB7

70.2

18.8 ± 4.9

ZB8

49.8

19.7 ± 4.5 a

PDs = Population Doublings; SD = Standard Deviation.
Different letters within rows indicate difference between PDs.
Differences between cell cycle length were verified using ANOVA (P<0.05).
Cell line FBF-8 originated from explants became contaminated after PD 40.
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43.9 ± 18.9

b

34.6± 5.6

b

31.9 ± 9.5

b

19.5 ± 4.0

a

35.7 ± 9.7

b

30.3 ± 11.9

a

23.3 ± 3.8 a

43.8 ± 22.8

b

-

-

40.2 ± 13.3

b

-

70.2 ± 15.1

c

-

27.9 ± 7.2

a

46.3 ± 17.7 b

44.3 ± 21.2 a
-

Table 3.3. Chromosome stability of fetal bovine cell cultures established using explants and enzymatic dissociation at
different population doublings.
Aneuploid cells (%)

Treatment

Cell line

Metaphases
analyzed

1-19 PDs

20-39 PDs

40-59 PDs

>60 PDs

Explants

XB5
XB6
XB7
XB8
ZB5
ZB6
ZB7
ZB8

134
111
148
108
123
59
138
125

56.4 a
78.9 a
60.0 a
49.1 a*
40.0 a
86.7 b
50.0 a
34.5 a

63.3 ac
83.3 b
60.1 a
81.1 bc**
53.3 a
62.1 a
43.6 a
53.6 a

53.3 a
43.3 a
58.7 a
52.5 a
50.0 a

24.14
-

Enzymatic dissociation

PDs = Population Doublings.
Letters within columns indicate difference between cell lines.
Symbols within rows indicates difference between PDs.
Chi-square analysis was used to determine statistical differences in the level of aneuploidies between cell lines (P<0.05).
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compared with early passaged cells where the G0/G1 peak for cells containing 2n was narrow
(Figure 3.1A-B).
The different techniques used to establish the primary cultures did not affect the
percentage of karyotypic abnormal cells. However, after the 20th division, cells originated from
enzymatic dissociation were more homogeneous in the percentage of aneuploid cells than cell
lines from explant outgrowths (Table 3.3).
Of the cells with an abnormal number of chromosomes, 97.2% corresponded to
hypoploidies (loss of one or more chromosomes, 60-X) and 2.8% to hyperploidies (gain of
chromosomes, 60+X; Table 3.4). The analysis of 186 metaphases (from three female fetuses) in
which the X-chromosomes are easily identified demonstrated that an aberrant X-chromosome
number was present in the 24.7% of the cells (Figure 3.2A-B).
Effect of Long Term In Vitro Culture on Nucleus Stability and Spindle Formation
Spindles of XB1 and XB4 cell lines underwent structural changes with increased time in
culture. During early (PDs 1-9) and middle passages (PDs 10-19) 95 and 91% of the metaphases
analyzed, respectively, showed normal spindle formation and proper chromatin condensation.
Also, 41% of the cells displayed abnormal spindle formation after PD 20. Multiple microtubular
organizing centers, tripolar mitotic spindles, disarrayed microtubules, monopolar spindles,
abnormal position of the chromosomes or improper chromosome condensation during metaphase
were the most common anomalies observed with prolonged culture (Fig 3.2D).
Nuclei number in fibroblasts during interphase was determined in four explant derived
and four enzyme dispersal-derived cell lines by fluorescence microscopy. A small proportion of
cells became multinucleated during early culture (2.8%). The frequency of cells with more than
one nuclei-like structure increased from 9.4% to 60.8% between PDs 20-39 and 40-59,
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A

B

D

E

C

Figure 3. 1. Flow cytometry histograms. Normal cell cycle distribution of cells: defined population of diploid cells in G0/G1 (2n)
and metaphase (4n, A). Abnormal DNA content of diploid cells in G0/G1 phase (B). Cell population with predominantly 4n and
8n ploidy (C). Levels of phosphorylated histone H3 (Ser10) at 9 and 20 PD, respectively (D-E). Gm=Geometric mean
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Table 3.4. Type of aneuploidies present in fibroblast cells
after in vitro culture.
Total of metaphases analyzed

946

Diploid cells (60 chromosomes, %)

540 (57.1)

Aneuploid cells (%)
Hypoploid cells (%)
59-58 chromosomes
57-50 chromosomes
<50 chromosomes
Hyperploid cells (%)
>60 chromosomes
Tetraploid

406 (42.9)
394 (97.2)
128 (32.5)
235 (59.8)
31 (7.7)
11 (2.8)
5 (44.4)
6 (55.6)
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A

B

C

D

E

F

Figure 3.2. Arrows mark X chromosomes. Normal diploid metaphase (A) and
aneuploid spread (B, magnification ×1000). Normal spindle formation with
appropriated chromatin condensation pattern during the metaphase plate (C) and cell
showing disarrayed microtubules and improper localization of the chromatin during
metaphase (D, magnification ×600). Multinucleated cells (E, magnification ×400).
Nuclear binding of anti-phospho-histone H3 (Ser10) antibody (F, magnification
×200).
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respectively. The incidence of multinucleated cells became variable between cell lines after the
PD 20 (Table 3.5).
Two or four nuclei per cell was the most common type of multinuclearity observed
during culture (Figure 3.2E). Binucleated cells predominated during early culture while
tetranucleated cells were more frequently observed after PD 40. The persistence of microtubule
bridges between two daughter cells after telophase and cytokinesis was frequently observed.
Quantification of DNA content by flow cytometry showed that after PD 40, the number
of G1/G0 cells with 2n decreased and the DNA content shifted to 4n and 8n (Figure 3.1C). This
indicates a doubling in ploidy in a substantial proportion of the cells, such that G0/G1 cells
shifted into the 4n peak and G2/M cells into the 8n peak.
Phosphorylated Histone H3 (Ser10) Quantification
The level of phosphorylated histone during metaphase for all cell lines except ZB7
increased significantly from PDs 1-9 to 20-30 (Figure 3.1D-E). For ZB7, the relative level of
phosphorylated histone remained constant during the PDs analyzed. Cell lines from Experiment
1 showed higher level of phosphorylation than cells in the Experiment 2 for the PDs analyzed
(Table 3.6, Figure 3.1F).
The progressive accumulation of this post-translational modification occurred
concurrently with the high percentage of aneuploid fibroblasts in the cell lines XB1, 2, 3 and 4
after the 20th division. For cell lines 5, 6, 7 and 8 established by explants or enzymatic
dissociation (except ZB7) the increased level of phosphorylated histone H3 in the PDs 20-30 did
not correspond with a higher percentage of chromosomal abnormalities noted for the respective
PD (the percentage of aneuploidies in these cell lines did not change with time in culture; Table
3.3). A progressive accumulation of multinucleated cells and abnormal spindle formation after
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Table 3.5. Percentage of multinucleated fetal bovine cells at
different population doublings.

Cell line
XB5
XB6
XB7
XB8
ZB5
ZB6
ZB7
ZB8

Percentage of multinucleated cells
1-9 PDs

20-30 PDs

40-50 PDs

70 PDs

3.3a
2.3a
3.0a
3.3a
2.6a
3.6a
2.3a
2.3a

6.0 a
14.0 b
9.0 b
10.6 b
4.3 a
19.3 b
2.3 a
9.3 a

78.6 b
54.0 c
62.6 c
63.0 b
73.0 c
35.3 b
59.3 b

20.3 c
-

PDs = Population Doublings.
Different letters within columns indicates statistical difference between PDs.
Chi square analysis was used to determine statistical differences (P<0.05).
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Table 3.6. Relative levels of phosphorylated histone H3 (Ser10) of fetal bovine
fibroblasts in metaphase at different population doublings.

Cell line

Levels of phosphorylated histone H3 ± SD (AU)
1-9 PDs

20-30 PDs

XB1
XB2
XB3
XB4
XB5
XB6
XB7
XB8
ZB5
ZB6

90.5 ± 16.8 a
66.2 ± 22.2 a
91.4 ± 13.1 a
86.6 ± 24.2 a
39.2 ± 3.5 a
62.2 ± 6.0 a
56.3 ± 13.5 a
36.4 ± 4.8 a
27.9 ± 4.1 a
27.9 ± 5.7 a

ZB7
ZB8

44.6 ± 1.9 a
39.1 ± 2.3 a

171.99 ± 6.8 b
126.96 ± 2.5 b
145.70 ± 16.6 b
199.78 ± 2.9 b
83.6 ± 0.9 b
94.0 ± 18.7 b
84.4 ± 6.9 b
53.3 ± 5.8 b
100.6 ± 37.3 b
68.1 ± 17.9 b
46.9 ± 5.5 a
56.3 ± 6.2 b

PDs = Population Doublings; SD = Standard Deviation;
AU = Arbitrary Units of Fluorescence.
Different superscripts within rows are significantly different (P<0.05).
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PD 40 occurred coincidentally with the high level of phosphorylated histone in all cell lines.
Determination of the relative levels of histone phosphorylation at later PDs was not successful
due to the inability to discriminate between cells in metaphase and binucleated cells in G0/G1
phase (Figure 3.1C).

Discussion
Numerous studies have confirmed the importance of activation and reconstruction
protocols (Machaty et al., 1999; Galli et al., 2002), epigenetic reprogramming (Cezar,
2003) and oocyte quality (Lagutina et al., 2005) in order to obtain a high percentage of cloned
blastocysts, pregnancies and healthy offspring. However, the characterization of the cells used
as karyoplasts during NT has been limited to the study of cell cycle synchronization between the
donor cell and recipient oocyte. This study analyzed cellular and epigenetic characteristics of
fetal fibroblasts cultured in vitro under conditions typically used for NT donor cells.
Even with the variability in the onset of the aging process, the cell cycle length appears to
be constant during the active proliferation stage of the cell lines analyzed. The uniformity in cell
cycle length implies that the check points controlling the beginning and end of the different
phases of the cell cycle are functional during in vitro culture.
Ford et al. (1959), Hsu and Moorhead (1957) and Chu (1962), using conventional
karyotyping, have demonstrated that the chromosomal composition of some cell lines cultured in
vitro deviates from the diploid content of in vitro tissues. Stable diploidy was maintained in rat
cell cultures (Hsu and Kellogg, 1960a, 1960b), but mouse cells begin to change their
chromosomal constitution even in primary cultures (Chu, 1962).
The techniques used to determine chromosome number are highly variable. Metaphases
obtained by conventional karyotyping are often overspread or overlapped and care must be taken
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when selecting countable spreads. The identification of bovine chromosomes is difficult even
under optimal conditions because of the large number of chromosomes (2n=60 chromosomes).
Due to the difficulty of counting the total number of chromosomes numerous studies only report
the chromosomal content of cells as haploid, diploid, triploid or tetraploid when the number of
chromosomes is close to n, 2n, 3n or 4n. This methodology does not allow the detection of less
dramatic types of aneuploidies such as the gain or loss of a single chromosome. Additionally,
Colcemid used at high concentration for a prolonged period of time to synchronize cells in
metaphase can induce chromosomal abnormalities (Jordan and Wilson, 1999).
FISH using specific chromosome paints has become the technique of choice to determine
ploidy in cells. Since FISH is only able to detect the presence or absence of the painted
chromosomes, aneuploidies for chromosomes other than those specifically tested can not be
detected. Probes against the X and Y chromosomes are the only readily available probes for
cattle.
The cell lines analyzed in this study contained an increased percentage of aneuploid cells
immediately after the primary culture. This indicates that alterations in the cytokinetics, DNA
replication and/or condensation may occur during the establishment of the primary culture. The
use of explant outgrowth or enzymatic dissociation to establish the primary culture did not affect
the level of aneuploidies at any stage of the culture. Since alterations in the number of
chromosomes occur at the beginning of culture, we propose that suboptimal culture conditions
rather than the normal aging process is responsible for the chromosomal instability of these cells.
Cells cultured under suboptimal conditions have been associated with induction of
chromosome abnormalities in a sub-population of cells. In particular, it has been observed that
sex chromosome aneuploidy occurs frequently in cultured cells (Fitzgerald et al., 1975; Honma
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et al., 1996). In this study, 24.7% of bovine fibroblast cells were classified as aneuploid due to
abnormal content of the X chromosome. The percentage of cells with abnormal X-chromosome
numbers in this study was not different than that observed by Slimane et al. (2003) using probes
for the X-chromosome.
It is possible that the high percentage of aneuploidies reported in this study may be the
result of karyotypical rearrangements (such as breaks, fusions or translocations) and not to the
complete lack of chromosomes. This type of error would be particularly likely in the case of a
translocation such as the 1/29 Robertsonian translocation. In this case two fused chromosomes
could be misinterpreted as one chromosome leading to a diagnosis of hypodiploidy.
Conventional karyotyping does not permit the definitive identification of these structural
chromosomal rearrangements. The observations reported here are strengthened by the fact that
cell lines were analyzed from eight separate unrelated fetuses. A high incidence of aneuploidies
was observed for each cell line.
These data indicate that the level of phosphorylated histone H3 at serine 10 increased
with time in culture and was coincidental with high aneuploidy levels, abnormal spindle
formation and multinuclearity. Differences of this post-translational modification between cell
lines may be a result of individual response to the culture conditions. Normal phosphorylation of
histone H3 during metaphase has been associated with the expression of an Aurora kinase family
(Terada et al., 1998). In mammals AIM-1 (Aurora-B), a member of this kinase family, is
responsible for the phosphorylation of the histone H3 (ser10) and consequent chromosome
condensation and organization of the spindle assembly during metaphase (Giet and Glover,
2001; Ota et al., 2002). High expression of AIM-1 has been reported to lead to increased levels
of the phosphorylated histone H3 in humans (Tatsuka et al., 1998), rats (Terada et al., 1998) and
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mice (Sunavala-Dossabhoy et al., 2003). Disarrangement in the pattern of phosphorylated
histone due to the overexpression of AIM-B affects formation of the cleavage furrow during late
anaphase and leads to the formation of multinuclear and aneuploid cells (Tatsuka et al., 1998;
Terada et al., 1998).
Suboptimal culture conditions may not maintain the mechanism of transcription
regulation. It is possible that up-regulation of AIM-1 in cultured fibroblasts interrupts the
signaling pathways essential to the initiation of cytokinesis, which may result in increase of the
cell cycle length. Another possible explanation is that the overexpression of AIM-1 modulates
other important proteins required for cytokinesis via transcriptional or post-transcriptional
mechanisms (Tatsuka et al., 1998). Analysis of levels of AIM-1 expression levels is required to
verify this hypothesis.
Regardless of any apparent variability between cell lines choosing younger cultures
minimizes chromosomal abnormalities and is likely to improve the likelihood of successful
SCNT. It is clear that the factors causing aneuploidies and chromosomal damage are many and
not completely understood. However, continued research will increase our ability to control
these factors and to reduce or prevent the process of karyotype alterations in cell populations.
The use of karyotypic normal cells will increase the success of NT.

Conclusions
It has been demonstrated that a high percentage of aneuploid cells, multinuclearity and
abnormal spindle structure occurred concurrently with increased levels of histone
phosphorylation after extended time in culture. These results are significant because these
changes occurring under routine in vitro culture conditions would undoubtedly affect the results
of somatic cell nuclear transfer.
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CHAPTER IV
DNA METHYLATION AND HISTONE ACETYLATION PATTERNS IN
CULTURED BOVINE FIBROBLASTS FOR NUCLEAR TRANSFER*
Introduction
A decade after the birth of Dolly, the efficiency of somatic cell nuclear transfer (SCNT)
has not improved dramatically from the report by Wilmut et al. (1997; only 0.4% of
reconstructed embryos produced healthy offspring). The inefficiency of cloning is manifested by
a low rate of embryonic development and pregnancy, a high rate of pregnancy loss throughout
gestation, and poor survival of nuclear transfer young born. It has been generally accepted that
inadequacy of the NT procedure (Machaty et al., 1999; Galli et al., 2002), asynchrony between
donor karyoplast and recipient oocyte (Wilmut and Campbell, 1998), chromosomal
abnormalities of the donor cell (Giraldo et al., 2006), and oocyte failure to reprogram the donor
chromatin (Dean et al., 2001; Cezar et al., 2003a) are responsible for the abnormal development
of cloned embryos. DNA compaction due to the differentiated status of the donor karyoplast
may be another factor affecting the success of NT. The epigenetic modifications and chromatin
remodeling protein levels of cultured cells have not been fully characterized.
The principal function of the epigenetic system is to regulate the stable repression of
genes not required in specific cell types at specific stages of development without changing the
DNA sequence (Wolffe and Matzke, 1999). A second but equally essential role of DNA
methylation in mammals is to function as the imprinting mark that distinguishes between
silenced and expressed parental alleles of imprinted genes (Cezar, 2003). DNA methylation

* This is a reprint of an article accepted for publication in Molecular Reproduction and Development, Giraldo AM,
Lynn JW, Purpera MN, Godke RA, Bondioli KR. DNA methylation and histone acetylation patterns in cultured
bovine fibroblasts for nuclear transfer. Electronic publication ahead of print, Copyrigh (2007), with permission
from Wiley URL: http://www.interscience.Wiley.com.
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consists of the covalent addition of a methyl group to the 5-position of the cytosine base located
in a promoter region of a gene (Geiman and Robertson, 2002) by DNA methyltransferases
(Dmnt). This epigenetic modification is generally associated with transcriptional silencing and
imprinting due to the incapability of transcription factors to bind to methylated DNA sequences
(Hiendleder et al., 2004).
The enzyme DNA methyltransferase-1 (Dnmt-1) is responsible for maintaining the
methylation state through cell division. It is the affinity of Dmnt-1 for hemi-methylated DNA
that arises as a result from semi-conservative replication, ensuring that methylation patterns are
maintained once established (Chung et al., 2003).
In addition to DNA methylation, chromatin compaction is regulated by histone
acetylation which consists of the addition of an acetyl group to positively charged lysine residues
of the histone N termini. This post-translational modification neutralizes the positive amino acid
charge, decreasing their affinity for DNA, allowing the termini to be displaced from the
nucleosome, causing the nucleosomes to unfold and increasing access to transcription factors
(Grunstein, 1997). This reaction is reversible through histone deacetylases, which induce the repacking of the chromatin and lead to gene silencing (McGraw et al., 2003).
It has been hypothesized that histone acetylation and DNA methylation are not
independent or static systems (Jenuwein, 2001). In contrast, these modifications are a dynamic
process that establishes a combinatory histone code, which governs the chromatin configuration,
ultimately regulating gene expression (Rice and Allis, 2001).
Nan et al. (1998) and Jones et al. (1998) suggested that methylated DNA binds the
transcriptional repressor DNA methyl CpG-binding protein-2 (MeCP-2) which recruits histone
deacetylases (HDACs). Ultimately, HDACs remove acetyl groups from histones H3 and H4,
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altering chromatin configuration, which further supports the inaccessibility of transcription
factors to bind to DNA sequences (Cezar et al., 2003b). Therefore, epigenetic regulation of
transcription is not limited to DNA methylation, but also involves higher-order chromatin
remodeling mediated by acetylation of histone tails (Geiman and Robertson, 2002). This
hypothesis suggests that DNA methylation initiates gene repression, but the histone
modifications execute the final gene silencing. Furthermore, the synergism of both epigenetic
systems is necessary for the completion of normal gene expression.
The failure of nuclear transfer (NT) embryos to develop normally can be attributed, at
least partially, to the use of a differentiated cell nucleus as the donor karyoplast. Studies suggest
that epigenetic modifications, and the resulting chromatin compaction of cells changes during
culture (Wilson and Jones, 1983; Enright et al., 2003a). In vitro conditions may modify the
mechanisms that regulate chromatin compaction in cultured cells.
Wilson and Jones (1983) demonstrated that the DNA of diploid cells becomes
hypomethylated at late population doublings (PDs). Additionally, Enright et al. (2003a) reported
that the level of acetylated histone H3 and H4 tends to increase after extended culture compared
with short term cultured cells. Changes in the pattern of epigenetic modifications may affect the
reprogramming process during NT. It has been hypothesized that blastocyst production and
development to term of cloned embryos may differ between PDs of the same cell line as a
consequence of changes in DNA methylation and histone acetylation patterns (Enright et al.,
2003b). Cells characterized by hypomethylated DNA and high levels of acetylated histone
should be more easily reprogrammed during NT than cells with highly compacted chromatin
(Adams et al., 2005). This is particularly important when cloning is used to produce transgenic
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animals. Cell transfection and selection procedure requires numerous PDs before cells are
available for NT.
In this study, we investigate epigenetic modification patterns and relative levels of
mRNAs that encode chromatin remodeling proteins in fetal bovine cells during in vitro culture.
The understanding of the mechanism that regulates chromatin compaction will allow us to create
or select donor karyoplasts more amenable for reprogramming and ultimately improve NT
efficiency.

Materials and Methods
Establishment of the Primary Cultures
Primary cultures of fibroblasts were established from four 50-day-old bovine fetuses
recovered from a local abattoir. Skin from decapitated and eviscerated fetuses was dissected into
1-mm2 pieces and washed three times in Dulbecco’s Phosphate-Buffered Saline (DPBS)
containing 1% penicillin/streptomycin (P/S). Cell lines from each fetus were established by
enzymatic dissociation. Briefly, the tissue pieces were placed in a conical tube with Dulbecco’s
Modified Eagle Medium with high glucose (DMEM) containing 0.5% of collagenase type I in
5% CO2 at 39°C for 3 hr. DMEM with 10% calf serum (CS) was added to inactivate the enzyme
and the cell suspension was centrifuged at 350 x g for 5 min. Cells were resuspended in DMEM
supplemented with 10% CS and 1% P/S and cultured in 25 cm2 flasks under 5% CO2 and 90%
humidity at 39°C.
Cell Culture Maintenance
Cultures were passaged by releasing cells with trypsin, counted using a hemacytometer,
and re-seeded at an initial concentration of 100,000 cells/25 cm2 flask. PDs were calculated at
every passage using the following equation: log (final concentration/initial concentration) x 3.33
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(Arat et al., 2002). These parameters were calculated in continuously proliferating cells without
intermediate freeze/thaw procedures.
Cell Cryopreservation
Fibroblast cells at different PDs were frozen and thawed as needed. For cell freezing, the
fibroblasts were resuspendend in DMEM supplemented with 10% CS and 10% dimethyl
sulfoxide (DMSO) and cooled at 1.0°C/min until reaching -80°C before storage in liquid
nitrogen. Approximately 1,000,000 cells were frozen in 1 ml of freezing medium per cryovial.
Cells were thawed by holding the cryovial for 10 sec at room temperature followed by
submersion in a 38°C water bath. Thawed cells were washed once in culture medium before
being replated. Cells were cultured and synchronized in G0/G1 phase by contact inhibition for 7
days prior RNA isolation or cell fixation.
RNA Isolation and RT-PCR
Poly(A)+ RNA was isolated from a pool of 1,000 cells in presumptive G0/G1 phase of the
cell cycle using Dynabeads (Dynal Biotech, Lake Success, NY, USA) as described previously
(Wrenzycli at al., 2001). Messenger RNA was immediately used for reverse transcription (RT).
Reverse transcription was carried out in a total volume of 20 µl using the iScript cDNA
Synthesis Kit (Bio-Rad Laboratories, Inc., Hercules , CA, USA) according to the manufacturer’s
instructions. The iScript RT Reaction Mix contained 4 µl of iScript reaction mix, 1 µl of reverse
transcriptase, 9.5 µl of nuclease-free water and 5.5 µl of mRNA. A reaction mix was formulated
for the sample and for a no reverse transcriptase control reaction.
Real Time PCR
PCR primers for the amplification of Dnmt-1, MeCP-2, HDAC-1, fibroblast specific
protein-1 (FSP-1), and polyadenylate polymerase (Poly A) were designed from bovine gene
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sequences using the Beacon Designer 4.0 (PREMIER Biosoft International, Table 4.1). cDNA
was amplified using iQ™SYBR Green Supermix in the MyiQ Reverse Transcription PCR
Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The total 25 µl real time
PCR mix consisted of 2 µl of cDNA, 12.5 µl of SYBR green master mix, 8.5 µl of nuclease-free
water, and 1 µl of forward and reverse primer pairs (10 ρmol) for each gene. A reaction mix was
formulated for the sample and for a no reverse transcriptase control reaction. The program used
for the amplification of all the genes consisted of a denaturing cycle of 3 min at 95°C; 40 cycles
of PCR (95°C for 10 sec, 55°C for 45 sec, and 95°C for 1 min); a melting curve consisting of
95°C for 1 min followed by 55°C for 1 min, a step cycle starting at 55°C for 10 sec with a
0.5°C/sec transition rate; and cooling at 4°C.
Final quantification was done using a comparative CT method (Livak and Schmittgen,
2001) and was reported as relative transcription or the n-fold difference relative to a calibrator.
Gene transcription of cells at PD 2 was used as the calibrator for all the target genes. Poly A was
chosen as the endogenous control gene because its expression level remained constant in cells
cultured at different PDs (data not shown). Briefly, the signal of the reference gene Poly A was
used to normalize the target gene signals of each sample. The ∆CT for gene transcription was
calibrated against cells at PD 2. The relative linear amount of target molecules relative to the
calibrator was calculated by 2-∆∆CT. Therefore, all target gene transcription was expressed as an
n-fold difference relative to the calibrator.
PCR Validation
PCR products were electrophoresed on an agarose gel and sequenced to confirm the
amplification of the proper product. To demonstrate that the primers amplified only cDNA and
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Table 4.1. Primers used for Q-PCR analysis.
Gene

Accession
Number

Primers

Amplicon
Length (bp)

Dnmt-1

NM_182651

Forward CCGACACCTAAACACAAAGC
Reverse TTAGTTCTCTGTATGTAGTTCTGC

244

HDAC-1

BC108088

Forward ATTGACGACGAGTCCTATGAG
Reverse ATGCCCTTTGATGGTCAGATTG

150

MeCP-2

XM_588477

Forward CCGCTGGGAAGTATGATGTG
Reverse GGGAGATTTGGGCTTCTTAGG

191

FSP-1

BC103192

Forward CTCTTGCTCCTGACTGCTG
Reverse GTCCACCTCGTTGTCCTTG

234

Poly A

X63436

Forward AAGCAACTCCATCAACTACTG
Reverse ACGGACTGGTCTTCATAGC

169

Bovine sequences were used to design the primers.
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not genomic DNA, 1 ng of genomic DNA was used as a template for the amplification of the
target genes. No products were recovered after RT-PCR.
To determine if the primers amplified a single product in a quantitative manner,
efficiency levels, correlation coefficients, and melting curves of cDNA at five different dilutions
were analyzed by Q-PCR (Figure 4.1). All the target genes led to efficiencies between 93-97%
and correlation coefficients of 0.97-1.00.
Methylated DNA and Acetylated Histone H3 Immunolabeling
Total methylated DNA and acetylated histone H3 levels were detected by
immunolabeling with anti-5-methylcytidine and anti-acetyl-histone H3 antibodies. Briefly, cells
were trypsinized, pelleted by centrifugation, and washed in DPBS (Ca+2 and Mg+2 free).
Dissociated cells were fixed and immunolabeled as previously described by Habib et al. (1999).
Briefly, cells were permeabilizated by incubation in a DPBS solution supplemented with 1%
bovine serum albumin (BSA) and 0.1% Tween 20 (PBST-BSA). Cells were fixed with 0.25%
paraformaldehyde in DPBS for 10 min at 37°C followed by the addition of 88% methanol
previously refrigerated at -20°C. After two washes with PBST-BSA at room temperature cells
were treated with 2N HCl at 37°C for 30 min, followed by incubation in 0.1 M borate buffer (pH
8.5) for 5 min. Nonspecific binding sites were blocked with 1% BSA in PBS. Fibroblasts were
incubated with a mouse anti-5-methylcytidine antibody (1 ng/ml) (Serotec, Raleight, NC, USA)
or a rabbit anti-acetyl-histone H3 (recognize from the 1st to the 20th amino acid) antibody (10
µg/ml) (Upstate, Lake Placid, NY, USA) for 30 min at room temperature, followed by labeling
with a goat anti-mouse IgG conjugated with Alexa Fluor® 488 (40 µg/ml, Molecular Probes,
Eugene, OR, USA). After labeling with the second antibody, cells were counter stained in a
sodium citrate solution (0.112%) containing 50 µg/ml propidium iodide (PI) and RNase
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A

B

Figure 4.1. Dilutions and melting curves obtained
using primers for the amplification of fibroblast
specific protein-1 (FSP-1). Five 10-fold dilutions
(100,000, 10,000, 1,000, 100 and 10 cells) were used
to generate dilution curves (A) and the melting curve
data (B).
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(10 µg/ml) for 30 min at room temperature. Cells were then washed and resuspended in PBS for
flow cytometric analysis. Specificity of the primary antibodies for nuclear epitopes was
determined with epifluorescence microscopy.
Flow Cytometric Analysis of DNA Content, Methylated DNA and Acetylated Histone H3
Determination of the relative levels of DNA content, methylated DNA, and acetylated
histone H3 was performed in a FACScan (Becton Dickinson Immunocytometry Systems, San
Jose, CA, USA). Labeled cells were excited at 488 nm with a 15-mW argon laser. A 610-nm
dichroic mirror (beam splitter) and a 610/20 nm band pass filter were used to detect PI levels
(red fluorescence, FL3-channel). Difference in DNA content was used to gate cells in G0/G1
phase. Relative levels of methylated DNA and acetylated histone H3 of cells in G0/G1 were
detected at 530/30 nm in the FL-1 channel (green fluorescence). A minimum of 10,000 events
were analyzed per cell line at PDs 2, 7, 15, 30, 45, and 70. Histograms and dot plots were
generated using CellQuest software. Relative levels of fluorescence were reported as arbitrary
fluorescence units (AFU).
The hypomethylation and hyperacetylation inductors 5-azacytidine (5-AZA) and
trichostatin A (TSA) (Jones and Taylor, 1980; Yoshida et al., 1990), were used to determine the
sensitivity of the inmunolabeling and flow cytometric techniques to detect changes in the level of
methylated DNA and acetylated histone, respectively.
Experimental Design
Cell lines from four bovine fetuses were cultured until reaching senescence and PDs were
calculated at every passage. Cells were trypsinized and replated at 80% of confluence to avoid
contact inhibition. A portion of cells were frozen after enzymatic dissociation and at different
passages. Cells frozen at PD 0, 4, 12, 27, 42, and 67 were thawed and cultured until reaching
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100% of confluence. After 5 days of confluence, cells at estimated PDs 2, 7, 15, 30, 45, and 70
were trypsinized and used for mRNA isolation and immunolabeling. Three replicates per fetus
and PD were performed except at PD 2 where only one replicate per cell line was analyzed.
Statistical Analysis
Variances of the relative levels of methylated DNA, acetylated histone H3, and mRNA
levels of Dnmt-1, MeCP-2, HDAC-1, and FSP-1 for all the cell lines were calculated by
ANOVA. Differences between PDs were statistically analyzed by Tukey’s test with P<0.05
considered significant. Data were analyzed using SigmaStat Statistical Software (Version 3.5).

Results
Lifespan of Bovine Fibroblasts Cultured In Vitro
Cell lines BEZ1, 2, 3 and 4 underwent ~58, 43, 71, and 50 PDs, respectively, before
reaching senescence. Cell lines BEZ1, 2, and 4 were characterized by a flat-cell morphology,
enlarged cytoplasm, heterogeneous cell shapes, and slow divisions several PDs before becoming
irreversibly arrested. Cells from BEZ3 stopped dividing while size, morphology, and cell cycle
length remained similar to early PDs.
Messenger RNA Levels of Chromatin Remodeling and Fibroblast Specific Proteins
An approximately 0.5-fold decrease in the mRNA level of Dnmt-1 was observed in cells
at PD 7 when compared with PD 2 in all the cultures analyzed. Dnmt-1 expression remained low
during the subsequent PDs in BEZ1, 2, and 4. However, Dnmt-1 expression at PDs 15 and 70
was not significantly different from PD 2 in BEZ3 (Figure 4.2).
An approximately 90% reduction in the expression of MeCP-2 was noted at PDs 7, 15,
and 30 when compared with cells at PD 2 in the cell cultures analyzed. However, cells at PD 45
expressed similar levels of MeCP-2 than cells at PD 2 (Figure 4.3).
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Figure 4.2. Histograms indicating average relative transcription levels of DNA
methyltransferase-1 (Dnmt-1). Final semi-quantification is reported as the n-fold
difference relative to a calibrator. Gene transcription levels of cells at PD 2 were
used as the calibrator. Relative differences of Dnmt-1 expression between PDs in
cell lines BEZ1 (A), BEZ2 (B), BEZ3 (C) and BEZ4 (D). Bars indicate standard
error of the mean and different letters on bars within cell lines indicate significant
difference between PDs.
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Each cell line at PD 7 showed 76% less HDAC-1 expression than cells at PD 2. Low
levels of HDAC-1 mRNA were detected until PD 30. Cell lines that reached PD 45 increased
the production of mRNA when compared with earlier passages (Figure 4.4).
Reduced expression of MeCP-2 and HDAC-1 at PDs 7, 15, and 30 occurred
simultaneously with the decrease in expression of Dnmt-1. When cells reached PD 45,
expression of MeCP-2 and HDAC-1 increased while the level of Dnmt-1 mRNA remained low.
However, BEZ3 did not follow this pattern.
Expression of the fibroblast specific gene FSP-1 during culture differed between cell
lines. BEZ4 did not show changes in the expression of this gene at any PD, while BEZ1, 2, and
3 expressed high levels of this mRNA during some periods of the culture (Figure 4.5).
Antibody Specificity and Fluorescence Detection of Methylated DNA and Acetylated
Histone
Anti-5-methylcytidine and anti-acetyl-histone H3 antibodies bond specifically to nuclear
epitopes as verified by counterstaining with PI, a DNA specific dye (Figure 4.6). Most areas of
high specificity for anti-5-methylcytidine antibody (Figure 4.6A) coincided with focuses of
condensed DNA (Figure 4.6B). This pattern demonstrates that segments of compact DNA are
characterized by the addition of methyl groups to the cytosine bases.
Flow cytometric analyses showed that the addition of 5-AZA, a hypomethylation
inductor, led to decreased levels of methylated DNA when compared with untreated cells (197
vs. 321 AFU; Figure 4.6C). Additionally, incubation with TSA induced a higher content of
acetylated histone H3 than in the control cells (676 vs. 126 AFU; Figure 4.6F). Therefore, the
immunolabeling and flow cytometric techniques used in this study are sufficiently specific and
sensitive to detect changes in levels of methylated DNA and acetylated histone H3 comparable to
those induced by these chemicals.
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Methylated DNA and Acetylated Histone Patterns of Cells in Culture
Levels of methylated DNA increased with time in culture in BEZ1, 2 and 4. In these cell
lines, methylated DNA of cells in G0/G1 phase was significantly higher at the end of the lifespan
than at early passages. The remaining cell line, BEZ3, showed a different pattern of DNA
methylation during culture. BEZ3 was hypermethylated at PD 30 when compared with PDs 7,
15 and 45, but not to PDs 2 and 70. Levels of methylated DNA in this cell line never reached the
levels observed in late PDs for the other cell lines (Table 4.2).
Acetylated histone H3 levels of cells in G0/G1 phase were constant during culture in
three of the cell lines analyzed. Acetylated histone levels in cell ine BEZ3 decreased
significantly at PD 45 but returned to previous levels by PD 70 (Table 4.3).

Discussion
Despite numerous studies addressing the efficiency of the production of cloned animals,
the success of SCNT procedure remains low, with just 1-2% of manipulated embryos resulting in
live births (Hiendleder et al., 2005). Since Wilmut and Campbell (1998) reported that cell cycle
synchrony between the donor cell and the recipient ooplasm was essential for the production of
cloned embryos, most studies related to the efficiency of NT have centered on this aspect.
Evidence indicates that significant failure of nuclear transfer embryos to develop normally can
be also attributed to the use of non-optimal cells as donor karyoplasts (Oback and Wells, 2002).
However, the low success of NT due to factors other than the selection of cells based on cell
cycle phase has been poorly analyzed to date.
It has been demonstrated that somatic cells cultured in vitro rarely retain the same gene
expression and DNA condensation patterns as in vivo cells (Rubin, 1997; Malayer and Woods,
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Table 4.2. Global levels of methylated DNA at different population doublings in fetal bovine fibroblast cells.
Global levels of methylated DNA (AFU) ± SEM
Cell line
PD 2
a

BEZ1

95

BEZ2

220

BEZ3

240

BEZ4

160

a
ab
a

PD 7
183 ± 31.0
166 ± 10.3
131 ± 21.4
197 ± 13.6

PD 15
a
a
a
a

115 ± 2.3
135 ± 5.5
110 ± 3.7

PD 30
a
a
a

111 ± 17.3

a

228 ± 42.5

PD 45
ab

387 ± 24.0
271 ± 53.3
387 ± 31.5

b
b
b

331 ± 11.9

PD 70
b

117 ± 14.4
394 ± 16.1

a
b

PD = Population Doubling; AFU= Arbitrary Fluorescence Units; SEM = Standard Error of the Mean.
Different letters within rows indicate significant difference between PDs.
Tukey’s test was used to determine statistical differences in the level of acetylated histone H3 between PDs (P<0.05).
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-

175 ± 14.6
-

ab

Table 4.3. Global levels of acetylated histone H3 at different population doublings in fetal bovine fibroblast cells.
Global levels of acetylated histone H3 (AFU) ± SEM
Cell line
PD 2

PD 7

PD 15

PD 30

PD 45

PD 70

BEZ1

79

150 ± 12.7

201 ± 10.9

188 ± 42.7

216 ± 8.8

-

BEZ2

114

210 ± 39.6

196 ± 9.8

238 ± 6.9

-

--

BEZ3
BEZ4

196

a

112

169 ± 18.7
173 ± 4.3

a

239 ± 3.9

a

191 ± 8.2

251 ± 12.5

a

253 ± 11.7

71 ± 14.5

b

169 ± 32.2

238 ± 2.0

PD = Population Dopubling; AU= Arbitrary Fluorescence Units; SEM = Standard Error of the Mean.
Different letters within rows indicate significant difference between PDs.
Tukey’s test was used to determine statistical differences in the level of acetylated histone H3 between PDs (P<0.05).
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-

a

1998; Enright et al., 2003a). Modifications in the expression of chromatin remodeling proteins
due to culture conditions could account, at least partially, for the wide range of both blastocyst
and pregnancy rates obtained when different cell types and passages are used for NT (Kubota et
al., 2000; Rideout et al., 2000; Roh et al., 2000; Clark et al., 2003). In this study we analyzed the
gene expression patterns of enzymes responsible for regulating epigenetic modifications and the
resulting chromatin compaction of bovine fetal fibroblast cells at different stages of culture.
Messenger RNA content of chromatin remodeling proteins and levels of methylated
DNA and acetylated histone clearly changed with time in culture in the cell lines analyzed in this
study. Cell cryopreservation as well as trypsinization procedures can cause chromatin
rearrangements and loss of nuclear and cytoplasmmic proteins (Chu et al., 1962, Maizel et al.,
1975). Moreover, DMSO used as cryoprotectant during cell freezing is a known methylating
agent (Iwatani et al., 2006). These observations indicate that in vitro culture conditions may
impact the mechanisms responsible for the expression of remodeling proteins and the resulting
gene expression profile of cultured cells.
The simultaneous decrease of Dnmt-1, MeCP-2, and HDAC-1 mRNAs during the
proliferative stage of culture was observed in three of the four cells lines evaluated in this study.
However, the synchronic decrease in expression of these enzymes was lost when cells
approached senescence. Levels of MeCP-2 and HDAC-1 increased during the last divisions of
the culture while Dnmt-1 mRNA remained low. It is possible that accumulative DNA mutations,
characteristic of senescent cells (Smith and Pereira-Smith, 1989; Campisi, 2000), contribute to
the abnormal expression of chromatin remodeling proteins at the end of the lifespan of cultured
cells (Cho et al., 2004; Di et al., 2005).
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Methylated DNA and acetylated histone content of the cell lines analyzed in this
experiment differ from previous studies. Wilson and Jones (1983) and Mazin (1995)
demonstrated that the levels of DNA methylation in normal mouse, hamster and human cell lines
occur with time in culture. Additionally, Enright et al. (2003a) showed that the level of
acetylated histone H3 in a bovine fibroblast cell line increased significantly at late PDs with
respect to earlier divisions. In our study, three different cell lines displayed constant levels of
methylated DNA during the proliferative stage of culture and increased during the last divisions.
Moreover, there was no significant difference in the level of acetyl-histone H3 at the PDs
analyzed. Specific culture conditions or a unique aspect of the cell line studied in the previous
reports could account for the different methylation and acetylation patterns observed in our cell
lines.
This study demonstrated that cells cultured in vitro displayed altered expression of Dnmt1, MeCP-2, and HDAC-1 at the mRNA level in all the cells examined; however, no significant
changes in methylated DNA or acetylated histone content were detected at the PDs analyzed.
Adams et al. (2005) demonstrated that a reduction in the mRNA of Dnmt-1 using siRNA
technology did not decrease the content of this enzyme at the protein level. Liu et al. (1996)
reported that the production of Dnmt-1 protein remains relatively active even under limited
availability of Dnmt-1 mRNA. This observation indicates that down-regulation of this
methyltransferase is not due to a decrease in the rate of the synthesis of its mRNA. This
evidence suggests that Dnmt-1, MeCP-2 and HDAC-1 may be post-transcriptionally and/or posttranslationally regulated enzymes. Thus, a reduction in the levels of the analyzed chromatin
remodeling protein mRNAs may not be sufficient to decrease the protein levels and the resulting
change in the methylated DNA and acetylated histone patterns.
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An alternative hypothesis for the constant level of methylated DNA despite the low
content of Dnmt-1 mRNA may be an increase in the concentration of other methyltransferases
such as, Dnmt3a, or Dnmt3b. These de novo methyltransferases are highly expressed in
embryonic cells, but are present at lower levels in adult cells (Liu et al., 1996). However, it has
been reported that adult cells from transformed, neoplastic, or normal diploid cultures can
undergo periods of de novo methylation as a consequence of genomic reorganization and
adaptation to the environmental conditions (Malayer and Woods, 1998; El Osta and Wolffe,
2000). Based on these findings, it is possible that artificial cell culture conditions induce an
abnormally high expression of Dnmt-3a and Dnmt-3b in order to establish a de novo methylation
pattern and expression of new genes (El Osta and Wolffe, 2000). However, analysis of all the
methyltransferase enzyme family will be needed to confirm or reject this possibility.
Although there was a pattern in the mRNA content of Dnmt-1, MeCP-2, HDAC-1, and
levels of methylated DNA and acetylated histone in three cultures, one bovine cell line displayed
a different pattern. Unique characteristics or possible transformation of this cell line during
culture may be responsible for the different gene profile and DNA compaction.
Gene expression of FSP-1, the most specific fibroblast marker identified to date (Strutz et
al., 1995), did not display any apparent pattern in the cell lines and at the PDs analyzed.
However, expression of this protein did not decreased significantly during culture indicating that
rearrangements in chromatin compaction did not erase the fate of the cells.
Abnormal chromatin compaction may contribute to the developmental anomalies
observed in clone embryos. The high level of Dnmt-1, MeCP-2, and HDAC-1 present in the
donor cells during early PDs may be responsible for the inadequate demethylation patterns
detected in reconstructed cloned embryos. Fusion of a donor cell with a recipient ooplasm

92

introduces the somatic form of Dnmt-1 (not normally present in pre-implantation embryos),
which could perpetuate the somatic-like methylation patterns in early clone embryos.
Perturbation of the normal chromatin pattern may lead to aberrant hypermethylation of the inner
cell mass and trophectoderm cells along with the loss of totipotency and imprinting (Chung et
al., 2003), which is consistent with the substantial losses of cloned embryos during preimplantation and early post-implantation development (Bourc'his et al., 2001; Dean et al., 2001;
Adams et al., 2005).
A required attribute of SCNT is the establishment of conditions that permit the removal
of heritable features affecting gene expression from differentiated cells (Santos and Dean, 2006).
The use of cells with low or undetectable levels of Dnmt-1, MeCP-2 and HDAC-1 transcripts
may result in a higher population of cells with lower levels of DNA methylation resulting in
easier reprogramming during NT.
In conclusion, mRNA content of chromatin remodeling proteins and the level of
methylated DNA of in vitro cultured cells are altered during culture. Additionally, these results
indicated that somatic cell lines respond differently to culture conditions. Subsequent use of
these cells for NT will provide insight as to how these epigenetic modifications effect
reprogramming.

Conclusions
It has been demonstrated that methylated DNA and acetylated histone patterns change
with time as cells are cultured in vitro. Chromatin remodeling proteins involved in such
epigenetic modifications are also altered during in vitro culture. These changes likely affect the
efficiency of the NT procedure depending on the age of the somatic cell used as the donor
karyoplast.
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CHAPTER V
EFFECT OF EPIGENETIC MODIFICATIONS OF DONOR SOMATIC
CELLS ON THE SUBSEQUENT CHROMATIN REMODELING OF
CLONED EMBRYOS
Introduction
Although mammalian cloning by somatic cell nuclear transfer (SCNT) has been achieved
in numerous species, the overall efficiency is still relatively low (2-10% development to term).
The inefficiency of cloning is manifested by elevated abortion rates, high birth weights, perinatal
death and a high incidence of postnatal abnormalities (Young et al., 2003). Aborted and
deceased newborn cloned animals have been characterized by aberrant expression of imprinted
genes (Cezar et al., 2003; Yang et al., 2005). These observations indicate that incomplete
epigenetic reprogramming may be responsible for the developmental failure and abnormal
phenotypes noted in cloned animals (Cezar, 2003).
In normally fertilized embryos, methylation patterns of the maternal and paternal genome
are erased before implantation. Active demethylation of the paternal genome before the onset of
the first DNA replication is catalyzed by DNA demethyltransferases, whereas the maternal
genome is progressively demethylated with each cleavage division (Oswald et al., 2000;
Bourc’his et al., 2001; Santos et al., 2002). In bovine embryos, shortly after the demethylation
process occurs, a wave of global de novo methylation is observed from the 8-cell to the 16-cell
stage, establishing a new embryonic methylation pattern (Dean et al., 2001; Kang et al., 2001;
Rideout et al., 2001). This de novo methylation is catalyzed by the DNA methyltransferases
(Dnmt), Dnmt-3a and Dnmt-3b, which can have overlapping functions during early
embryogenesis (Watanabe et al., 2002). Patterns imposed on the genome by the de novo Dnmts
at defined developmental time points are maintained by Dnmt-1 and lead to predetermined
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programs of gene expression during embryo development (Reik et al., 2001). In comparison, it
has been proposed that failure of the DNA to demethylate and remethylate causes incomplete
nuclear reprogramming in cloned embryos (Bourc’his et al., 2001).
The highly methylated pattern characteristic of the somatic donor cells could play a
significant role in the epigenetic anomalies observed in cloned animals (Mann et al., 2003).
Moreover, the common procedure of NT by cell fusion potentially introduces the somatic form
of Dnmt-1, which is not normally present in preimplantation embryos. This maintenance Dnmt
could be operating to perpetuate the somatic-like methylation patterns in early cloned embryos
(Bourc’his et al., 2001). The nuclei of cloned embryos appear to be considerably demethylated
after the first division. However, the mechanism responsible for this initial reduction in DNA
methylation is unclear. After the 2-cell stage, bovine cloned embryos do not appear to undergo
further demethylation, unlike normally fertilized embryos. Interestingly, premature, but
incomplete, de novo methylation was noted by the 4-cell or 8-cell stage in NT derived bovine
embryos (Dean et al., 2001). The persistence of a somatic cell methylation pattern after fusion,
at a time when parental genomes normally undergo a drastic demethylation process, may have
deleterious effects on the developmental potential of cloned embryos (Beaujean et al., 2004).
Several studies have evaluated DNA methylation and Dnmts levels of in vivo and cloned
bovine embryos from the pronuclear to the blastocyst stage (Bourc’his et al., 2001; Dean et al.,
2001; Kang et al., 2001; Mann et al., 2003). However, investigation of the reprogramming
events that occur at later preimplantation stages is currently limited to the mouse (Watanabe et
al., 2002). Temporal and spatial differences in the DNA methylation pattern of embryos have
been reported between mammalian species (Beaujean et al., 2004) suggesting that the
reprogramming process may differ from that in mouse embryos. Although in vivo and cloned
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embryos undergo drastic changes in the chromatin configuration during the first cleavages, data
indicate that a highly significant number of specific genes, including interferon tau (INFτ;
Ushizawa et al., 2004) and pregnancy-associated glycoproteins (PAGs; Hashizume et al., 2002),
become up-regulated during the period from blastogenesis through implantation. In contrast,
other genes, such as the major histocompatibily complex-I (heavy chain; MHC-I; Hill et al.,
2002), are down-regulated during this stage. A vast number of genes change their expression
levels during this period to support the complex mechanisms of embryogenesis and implantation
(Ushizawa et al., 2004; 2005).
A required attribute of SCNT is the establishment of conditions that permit the removal
of heritable features affecting gene expression from differentiated cells (Santos and Dean, 2006).
Under this hypothesis, the use of donor cells with low levels of Dnmt-1 transcripts may facilitate
nuclear reprogramming during NT. Previous studies have demonstrated that epigenetic marks
can be modified by culturing somatic cells for an extended period of time. Enright et al. (2003)
and Wilson and Jones (1983) reported increased levels of acetylated histones and decreased
levels of methylated DNA, respectively in cells cultured for extended periods. Additionally, a
significant decline in mRNA coding for Dnmt-1 was observed in cells at late population
doublings (PDs) when compared with cultured fibroblasts at early PDs (Giraldo et al., 2006;
Moore et al., 2006). Consequently, replating cells, a standard culture technique, can be use to
generate cells containing low concentrations of Dnmt-1.
Since time in culture may reduce the Dnmt-1 content of somatic cells, this study
examined the development potential of cloned bovine embryos reconstructed using somatic cells
at early and late PD. Additionally, we investigated the expression of Dnmt-1, Dnmt-3a, Dnmt3b, INFτ and MHC-I transcripts in cloned and in vivo embryos in pre- and post-hatching stages.
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To our knowledge this is the first analysis of the effect of using donor cells with low levels of
Dnmt-1 on the subsequent chromatin remodeling of cloned embryos beyond the blastocyst stage.

Materials and Methods
Establishment of the Cell Line
The primary fibroblast culture was established from a 50-day-old bovine fetus recovered
from a local abattoir. Skin from the decapitated and eviscerated fetus was cut into 1-mm2 pieces
and washed three times in Dulbecco’s Phosphate-Buffered Saline (DPBS) containing 1%
penicillin/streptomycin (P/S). The cell line was established by enzymatic dissociation. Briefly,
the tissue pieces were placed in a conical tube with Dulbecco’s Modified Eagle Medium with
high glucose (DMEM) containing 0.5% of collagenase type I in 5% CO2 at 39°C for 3 hours.
DMEM with 10% calf serum (CS) was added to inactivate the enzyme and the cell suspension
was centrifuged at 350 x g for 5 min. Cells were resuspended in DMEM supplemented with
10% CS and 1% P/S and cultured in 25 cm2 flasks under 5% CO2 and 90% humidity at 39°C.
Maintenance and Cryopreservation of the Cell Line
Cells were passaged upon reaching 90% confluence by enzymatic dissociation, counted
using a hemacytometer, and re-seeded at an initial concentration of 1x105 cells/25 cm2 flask.
PDs were calculated at every passage using the following equation: log (final
concentration/initial concentration) x 3.33 (Arat et al., 2002).
Fibroblast cells were frozen at approximately PDs 2 and 32. For cell freezing, the
fibroblasts were resuspendend in DMEM supplemented with 10% CS and 10% dimethyl
sulfoxide (DMSO) and cooled at 1.0°C/min until reaching -80°C before storage in liquid
nitrogen. Approximately 5x105 cells were frozen in 0.5 ml of freezing medium per cryovial.
Cells were thawed by holding the cryovial for 10 sec at room temperature followed by
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submersion in a 38°C water bath. Thawed cells were washed once in culture medium before
being replated. Cells were cultured and synchronized in G0/G1 phase by contact inhibition for 7
days prior to being used as donor karyoplasts for NT or RNA isolation.
Production of Cloned Embryos
Cumulus oocytes complexes (COC’s) were obtained from a commercial supplier
(Concho Valley Genetics, TX, USA). Oocytes were denuded in a hyaluronidase solution (2
mg/ml) 19 hours post-maturation (hpm). Prior to enucleation, oocytes with a visible polar body
were incubated for 10 min in holding medium (130 mM NaCl, 3.1 KCl, 5.0 mM NaHCO3, 10
mM HEPES, 0.4 mM Na Pyruvate, essential amino acids (BME), non-essential amino acids
(MEM), 3 mg/ml BSA, 1% P/S and 10 µg/ml phenol red) supplemented with 3.5 µg/ml of
Hoechst 33342. After incubation, mature oocytes were enucleated in holding medium containing
7.5 µg/ml of cytochalasin B. Removal of the metaphase plate was confirmed by exposure of the
aspirated cytoplasm to UV light. At 24 hpm couplets were placed in a fusion medium containing
260 mM of Mannitol, 0.2 mM of MgSO4, 0.5 mM of Hepes and 0.1% of PVA. Fusion was
induced with two DC pulses of 2.25 kV/cm for 15 µsec each, delivered by a BTX Electro Cell
Manipulator 200 (Biotechnologies and Experimental Research Inc., San Diego, CA, USA).
After fusion, reconstructed embryos were cultured for 4 hours in CR1aa medium (Charles
Rosenkrans amino acid; Rosenkrans and First, 1994) containing 2.5 µg/ml of cytochalasin B.
Reconstructed embryos were activated 26-27 hpm with 5 µM ionomycin for 4 min followed by 4
hours of culture in CR1aa plus 2 mM dimethylaminopurine (DMAP) and 7.5 µg/ml cytochalasin
B. Reconstructed embryos were cultured in CR1aa medium supplemented with 0.52 mM
glycine and 0.5 mM alanine at 39°C in 5% CO2, 5% O2 and 90% N2. On day 3, embryos were
transferred to fresh medium containing 5% calf serum. Embryos that reached the blastocyst
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stage were used for gene expression analysis, cell counting or embryo transfer. Six replicates per
treatment (NT embryos generated using donor cells at PD 5 or 35) were performed.
Differential Staining
Day 8 blastocysts were incubated in DPBS containing 10 µg/ml of Hoechst 33342 for 30
min. Following permeabilization with 0.04% Triton X-100 for 3 min, embryos were
counterstained using 25 µg/ml of propidium iodide (PI) for 5 min. Stained embryos were
mounted onto a glass microscope slide in a drop of 25% glycerol, gently flattened with a
coverslip and visualized for cell counting. The number of trophectoderm (TPD, nucleus stained
with PI) and inner cell mass cells (ICM, nucleus stained with Hoechst) was determined using an
epifluorescent microscope equipped with an UV filter cube.
Transfer and Collection of Cloned Embryos
Cloned blastocysts reconstructed from cells at PD 5 (NT-5) or 35 (NT-35) were
transferred into naturally synchronized crossbred cows. Four embryo transfers per treatment
were performed. Cloned embryos were collected on day 13 post-estrus. The recovered embryos
were morphologically evaluated and used for gene expression analysis.
Collection of In Vivo Embryos
Superovulation was induced in 35 crossbred cows using a standard protocol. Donors
exhibiting estrus behavior were artificially inseminated at 12 and 24 hours post-estrus. A
nonsurgical embryo recovery was performed on day 7, 10, 12 or 13 following the onset of
standing estrus. A portion of the in vivo embryos collected on day 7 post-estrus were transferred
into three naturally synchronized cows and again recovered on day 13 as an embryo transfer
(ET) control (in vivo-ET). Embryos were held in a commercial embryo holding medium
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(Holding Plus®, BIONICHE, Pullman, WA, USA) for a period of 1 to 2 hours at 37˚C until
storage for further gene expression analysis.
RNA Isolation and RT-PCR
Pools of 1,000 donor cells at PD 5 and 35 (in presumptive G0/G1 phase of the cell cycle),
pools of two embryos (day 7, 10 and 12) or single embryos (day 13) were stored at -80°C in a
volume of 3-5 µl of washing medium (PBS and 1% polyvinyl alcohol) in siliconized tubes.
Poly(A)+ RNA was isolated from somatic cells, in vivo and cloned embryos using
Dynabeads (Dynal Biotech, Lake Success, NY, USA) as previously described (Wrenzycki et al.,
2001) and immediately used for reverse transcription (RT). Reverse transcription was carried
out in a total volume of 20 µl using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.,
Hercules , CA, USA) according to the manufacturer’s instructions. The iScript RT Reaction Mix
contained 4 µl of iScript reaction mix, 1 µl of reverse transcriptase, 4 µl of nuclease-free water
and 11 of µl mRNA. A reaction mix was formulated for the sample and for a no reverse
transcriptase control reaction.
Real Time PCR
PCR primers for the amplification of Dnmt-1, Dnmt-3a, Dnmt-3b, INFτ, MHC-I (heavy
chain) and polyadenylate polymerase (Poly A) were designed from bovine gene sequences using
the Beacon Designer 4.0 (PREMIER Biosoft International, Table 5.1). cDNA was amplified
using iQ™SYBR Green Supermix in the MyiQ Reverse Transcription PCR Detection System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The real time PCR mix (25 µl) consisted of 5
µl of cDNA, 12.5 µl of SYBR green master mix, 5.5 µl of nuclease-free water, and 1 µl each of
forward and reverse primers (10 ρmol) for each gene. A reaction mix was formulated for the
sample and for a no reverse transcriptase control reaction. The program used for the
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Table 5.1. Primers used for Q-PCR analysis.
Gene
Dnmt-1
Dnmt-3a

Accession
Number

Amplicon
Length (bp)

Primers

Forward CCGACACCTAAACACAAAGC
NM_182651 Reverse
TTAGTTCTCTGTATGTAGTTCTGC
Forward GGACAAGAATGCCACCAAAG
XM_86764
Reverse AACCACATGACCCAACGAG
Forward GGGAAGGAGTTTGGAATAGGAG
Reverse CGGAGAACTTGCCATCACC
Forward GGCATCCATGTCTACCTGAAAG
Reverse
AGTAATTGAATCGGTGGCTGAAG

244
183

Dnmt-3b

AY244711

INFτ

M31558

MHC-I

X92870

Forward GGGAGGACCAGACGCAGGAC
Reverse CCAGTGACCACGAGGAGAACC

229

Poly A

X63436

Forward AAGCAACTCCATCAACTACTG
Reverse ACGGACTGGTCTTCATAGC

169

105

160
244

amplification of all genes consisted of a denaturing cycle of 3 min at 95°C; 40 cycles of PCR
(95°C for 10 sec, 55°C for 45 sec, and 95°C for 1 min); a melting curve analysis consisting of
95°C for 1 min followed by 55°C for 1 min, a step cycle starting at 55°C for 10 sec with a
0.5°C/sec transition rate; and cooling at 4°C.
Final quantification was performed using a comparative CT method (Livak and
Schmittgen, 2001) and was reported as relative transcription or the n-fold difference relative to a
calibrator. A mixture of RNA from day 7 and day 13 embryos and somatic cells was used as
calibrator for all the target genes. Polyadenylate polymerase (Poly A) was used as endogenous
control gene. Briefly, the signal of the reference gene Poly A was used to normalize the target
gene signals of each sample. The amount of target transcripts relative to the calibrator was
calculated by 2-∆∆CT. Therefore, all target gene transcription was expressed as an n-fold
difference relative to the calibrator. Ten replicates per gene, treatment and developmental stage
were performed.
PCR Validation
PCR products were electrophoresed on an agarose gel and sequenced to confirm the
amplification of the proper product. To demonstrate that the primers amplified only cDNA and
not genomic DNA, 1 ng of genomic DNA was used as a template for the amplification of the
target genes. No products were recovered after RT-PCR.
In order to determine if the primers amplified a single product in a quantitative manner,
efficiency levels, correlation coefficients, and melting curves of cDNA at five different dilutions
were analyzed by Q-PCR. All the target genes led to efficiencies between 90-97% and
correlation coefficients of 0.98-1.00.
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Statistical Analysis
Data were analyzed using SigmaStat Statistical Software Version 3.5 (Systat Software,
Richmond, CA, USA). Cleavage rates and blastocyst development between NT-5 and NT-35
were analyzed using Chi-square. This test was also used to detect differences in the recovery
rate of embryos at day 13 between in vivo and cloned embryos generated using cells at different
PDs. Cell number, ICM:TPD ratio, embryo size and gene expression levels of donor cells and
embryos were tested for normality and equal variance using Kolmogorov-Smirnov and Levene’s
tests, respectively. ANOVA, followed by Tukey’s test, was used to detect differences in gene
expression levels of donor cells and in vivo embryos at days 7, 12 and 13. The same test was
used to detect differences in cell number and cell ratio of NT-5 and NT-35 embryos as well as
the size of in vivo and cloned embryos.
The 95% confidence intervals for the gene expression levels of in vivo embryos were
calculated. If transcription levels of individual cloned embryos did not fall within the confidence
interval for the in vivo embryos they were considered abnormal.

Results
Transcription Levels of DNA Methyltransferase in Donor Cells
The transcript levels of Dnmts changed during the in vitro culture period of bovine
fibroblasts. A 35% reduction in the expression of Dnmt-1 was observed in cells at PD 35 when
compared with cells at PD 5. Similarly, levels of Dnmt-3a transcript were higher in cells at PD 5
(0.5-fold increase) than in cells at late PDs. However, Dnmt-3b transcripts remained constant
(Figure 5.1). Transcript levels for Dnmt-1 and -3a were more abundant than Dnmt-3b transcripts
at both PDs analyzed.
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Figure 5.1. Histogram indicating average relative transcription levels of Dnmt-1,
Dnmt-3a and Dnmt-3b. Final semi-quantification is reported as the n-fold
difference relative to a calibrator. Bars indicate standard error of the mean and
different letters within columns indicate significant difference between PDs
(P<0.05).
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Embryo Development and Cell Number
A total of 357 and 385 bovine enucleated cytoplasts were reconstructed with cells at PD 5
or 35, respectively. Fusion rates were higher when cells at PD 35 were used as donor karyoplast
(71.5 vs. 84.2%). Of the fused couplets, embryos reconstructed with cells at early PDs generated
a significantly higher proportion of cleaved and 8-16 cell embryos than with cells at PD 35 (80.4
and 57.4 vs. 55.1 and 27.8%, respectively). The percentage of blastocysts, calculated from the
total number of fused couplets, was higher when donor cells at PD 5 were used (39.5 vs. 22.3%).
However, a higher proportion of embryos that reached the premorula stage (8-16 cells)
developed to blastocysts when fibroblasts at PD 35 were used compared with fibroblasts at PD 5
(80.4 vs. 68.8%, Table 5.2).
The mean total cell number in blastocysts reconstructed with cells at PD 5 (102±13.2)
was similar to that of blastocysts generated using fibroblasts at PD 35 (81±4.8). Additionally,
there was no statistical difference in the number of ICM or TPD cells between treatment groups.
However, the ICM:TPD ratio differed between NT-5 and NT-35 embryos (1:2.7 vs. 1:1.9, Table
5.3).
Embryo Collection and Growth
Only hatched and apparently normally developing embryos (past the blastocyst stage)
were included in this analysis. The percentage of embryos recovered on day 13 differed
significantly between treatments. Lower embryo recovery rates were observed
in NT-5 embryos compared with NT-35 on day 13 (28.6 vs. 70.4 %). The recovery rate of
embryos on day 13 was not statistically different between in vivo-ET (65.0%) and NT-35
embryos (Table 5.4).
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Table 5.2. Embryonic development of cloned embryos generated using cells at different population
doublings.
Treatment

n

Fused
couplets (%)

Clvd*
(%)

8-16 cell*†
(%)

Blastocyst‡ (%)
From fused

From 8-16 cell

NT-5

499

357 (71.5) a

287 (80.4) a

205 (57.4) a

141 (39.5) a

141 (68.8) a

NT-35

457

385 (84.2) b

212 (55.1) b

107 (27.8) b

86 (22.3) b

86 (80.4) b

a-b

Different letters within columns indicate significant difference between treatments.
From the percentage of fused couplets.
†
8-16 cell embryo 72 hours post-fusion.
‡
Total blastocysts at day 8.
*
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Table 5.3. Cell number of cloned embryos 8 days after reconstruction with donor cells at
population doublings 5 and 35.
Treatment

n

ICM

TPD

ICM:TPD

Total cells

NT-5

20

29 ± 4.1

73 ± 9.5

1:2.7 ± 0.2 a

102 ± 13.2

NT-35

20

29 ± 2.2

53 ± 3.2

1:1.9 ± 0.1 b

81 ± 4.8

a-b

Different letters within columns indicate significant difference between treatments.
Data presented as mean ± SEM.
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Table 5.4. Embryo transfer and embryo collection of in vivo and cloned embryos.
No. recipients

No. embryos
transferred

No. embryos
collected (%)

In vivo-ET*

3

40

26 (65.0) a

NT-5†

4

98

28 (28.6) b

NT-35†

4

44

31(70.4) a

Treatment

a-b

Different letters within columns indicate significant difference in the percentage
of embryos collected between treatments.
* In vivo embryos were collected 7 days post-estrus, transferred to recipients and
recovered 6 days later.
†
Cloned blastocysts were transferred into recipient cows and collected at day 13
post-estrus.
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In vivo and in vivo-ET embryos collected on day 13 were elongated and had an identifiable
embryonic disc while cloned embryos (NT-5 and -35) displayed a spherical or ovoid shape with
an absent or poorly delineated embryonic disc (Figure 5.2).
Lengths of elongated or the greatest diameters of spherical and ovoid embryos were used
to determine differences in size between treatments. Day 13 in vivo and in vivo-ET embryos
(controls) had a similar mean length of 1350±143 and 1269±74 µm, respectively. NT-5 and NT35 embryos (293±28 and 531±42, respectively) were significantly smaller than the controls.
However, NT-35 embryos were significantly larger than NT-5 embryos on day 13 (Figure 5.3).
Transcription Levels of DNA Methyltransferase, INFτ and MHC-I in Preimplantation In
Vivo Embryos
Expression of Dnmts of in vivo embryos underwent significant changes during the
preimplantation stage. Changes in expression of Dnmt-1 and -3b were observed, while the level
of Dnmt-3a remained constant during the embryonic stages analyzed. Dnmt-3b was highly
expressed in day 10 embryos compared with days 7, 12 and 13 embryos (3.6-fold difference).
Levels of Dnmt-1 transcript were undetectable in in vivo embryos on days 7, 10 and 12; but
increased significantly on day 13 (Figure 5.4). In contrast to the somatic cells, Dnmt-3b,
followed by Dnmt-3a, appeared to be the most abundant Dnmts present in preimplantation in
vivo bovine embryos.
INFτ and MHC-I transcripts were not detected in day 7, 10 or 12 in vivo embryos, but
were detected on day 13. The gene expression pattern of Dnmt-3a and Dnmt-3b was the same in
in vivo-ET embryos as in vivo embryos. However, Dnmt-1, INFτ and MHC-I were below
detectable levels in day 13 in vivo-ET embryos.

113

A

B

400X

100X

D

C

200X

100X

Figure 5.2. Bovine embryos collected on day 13 post-estrus. Elongating in vivo
embryos (A) with an identifiable embryonic disc (B). Spherical and ovoid cloned
embryos reconstructed using cells with high and low levels of Dnmt-1, respectively (CD). Arrows indicate the presence of an embryonic disc in in vivo embryos.
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Figure 5.3. Embryo size of in vivo, in vivo-ET, NT-5 and NT-35 embryos
collected on day 13. Bars indicate standard error of the mean and different letters
within columns indicate significant difference between treatments (P<0.05).
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Figure 5.4. Histogram indicating average relative transcription levels of Dnmt-1,
Dnmt-3a and Dnmt-3b of in vivo embryos. Final semi-quantification is reported
as the n-fold difference relative to a calibrator. Bars indicate standard error of the
mean and different letters within Dnmts indicate significant difference between
developmental stages (P<0.05).
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Expression Levels of DNA Methyltransferase, INFτ and MHC-I in Preimplantation Cloned
Embryos
A high proportion of cloned embryos reconstructed with cells at PD 5 and 35 showed
abnormal levels of Dnmts on day 7 and day 13. Only 40% of NT-5 embryos had normal
expression levels of Dnmt-3a, while 88.8% of NT-35 had normal transcript levels on day 7. On
day 13, 90 and 40% of the NT-5 and NT-35 embryos fell within the confidence intervals for in
vivo embryos, respectively. Independent of the treatment (donor cells at PD 5 vs. PD 35), low
levels of Dnmt-3a transcripts were observed in day 7 cloned embryos (Figure 5.5A).
Interestingly, high levels of Dnmt-3a transcripts were a common finding in NT-35 embryos at
day 13 (Table 5.5 and Figure 5.5B).
Low levels of Dnmt-3b mRNA were characteristic of NT-5 and NT-35 embryos
compared with the in vivo controls. Of the NT-5 embryos analyzed on day 7, 30% expressed
normal levels of Dnmt-3b while 60% had a reduced amount of this transcript. The remaining
embryos had higher expression levels of Dnmt-3b than the control. Dnmt- 3b was within normal
levels in only 20% of the NT-35 embryos, while the remaining 80% had levels below those of
controls. Twenty and 60% of NT-5 and NT-35 embryos on day 13, respectively, had Dnmt-3b
levels that fell within the normal range. The remaining embryos had lower expression of this
transcript (Table 5.5 and Figure 5.4C, D). Dnmt-1 was not detected in either NT-5 or NT-35
embryos on day 7 and day 13.
A high proportion of cloned embryos had abnormal levels of the de novo
methyltransferases. Nevertheless, dysregulation of Dnmt-3b was more commonly detected than
aberrant expression of Dnmt-3a (67.5 vs. 38.5%). Moreover, 88.8% and 25.0% of cloned
embryos with abnormal levels of Dnmt-3a also expressed abnormal levels of Dnmt-3b on day 7
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Figure 5.5. Scatter plots indicating average relative transcription levels of Dnmt-3a and
Dnmt-3b of individual NT-5 and NT-35 embryos on day 7 and 13. Final semiquantification is reported as the n-fold difference relative to a calibrator. Relative
differences of Dnmt-3a in embryos at day 7 (A) and day 13 (B) and Dnmt-3b on day 7 (C)
and day 13 (D). Dashed lines represent the 95% confidence intervals of in vivo embryos.
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Table 5.5. Number of cloned embryos that fall within or outside the confidence
interval (CI) of in vivo embryos.
NT-5
Gene
Dnmt-3a

Dnmt-3b

Comparison to in
vivo embryos CI
Upper
Normal
Lower
Upper
Normal
Lower

NT-35

Day 7

Day 13

Day 7

Day 13

0
4
6

1
9
0

0
7
2

6
4
0

1
3
6

0
2
8

0
2
8

0
6
4
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and day 13, respectively. Similarly, 53.3 and 16% of embryos displaying abnormal
concentrations of Dnmt-3b expressed aberrant levels of Dnmt-3a on day 7 and day 13,
respectively.
Similar to in vivo-ET embryos, neither the INFτ nor MHC-I transcripts were detected in
NT-5 or NT-35 embryos on day 7. Likewise, these transcripts were not detected on day 13, in
contrast to in vivo embryos and similar to in vivo-ET embryos.

Discussion
Cloned embryos produced by SCNT display substantial differences in chromatin
configuration and gene expression compared with normally fertilized embryos, suggesting
incomplete nuclear reprogramming (Chung et al., 2003). Cloning requires that epigenetic
information of the donor nucleus be reprogrammed to an embryonic state (Mann et al., 2003).
However, Dnmt-1 mRNA introduced in the recipient ooplasm at the time of fusion may maintain
the DNA methylation of the somatic cell (Okano et al., 1999; Beaujean et al., 2004). It has been
hypothesized that using donor cells with low levels of this maintenance Dnmt may facilitate the
reprogramming process of the reconstructed embryo. Embryonic stem (ES) cells have lower
levels of Dnmt-1 than somatic cells (Okano et al., 1999). However, bovine ES cells have not
been successfully isolated and cultured in vitro. Likewise, isolation of stem cells from adult
tissues is an emerging technique and levels of Dnmt-1 in these cells have not been examined
completely. Data presented in this study and recently published by Giraldo et al. (2006) and
Moore et al. (2006) demonstrate that cells cultured in vitro for an extended period of time have a
significantly reduced level of Dnmt-1 transcript compare with young cells. Levels of Dnmt-3a
also decreased with time in culture. These observations indicate that in vitro culture may impact
the mechanisms responsible for the expression of these remodeling proteins and the resulting

120

gene expression in cultured cells (Malayer and Woods, 1998). Such changes have been
hypothesized to occur as a consequence of cellular adjustments to the in vitro culture conditions.
However, the specific mechanisms remain unknown.
The embryonic development of cloned embryos using cells with low levels of Dnmt-1
differed from those generated using fibroblasts with higher levels of this transcript. A
significantly lower percentage of embryos reconstructed with cells at late PDs compared with
early PDs developed to the 8-16 stage (72 hours post-fusion). A higher proportion of 8-16 cell
embryos developed to the blastocyst stage when cells at late PDs were used as donor karyoplast
compared with cells at early PDs. The early development of NT-35 embryos may indicate that a
selection process occurs during the first divisions. These NT-35 embryos reaching the 8-16 cell
stage are more competent than NT-5 embryos to support further development. It is known that
cells cultured for extended periods accumulate chromosomal abnormalities such as DNA
mutations (Smith and Pereira-Smith, 1989; Campisi, 2000) and aneuplodies (Giraldo et al., 2006;
Mastromonaco et al., 2006). It is likely that these abnormalities impair early development, but a
lower Dnmt-1 content at the time of NT may facilitate the demethylation process during the first
divisions resulting in higher development rates in those surviving the 8-16 cell stage.
In vivo development beyond the blastocyst stage was also higher in NT-35 embryos
compared with NT-5 embryos. A higher percentage and larger embryos were collected on day
13 when donor karyoplast with low levels of Dnmt-1 was utilized. All cloned embryos (NT-5
and NT-35) showed a significant delay in growth compared with in vivo embryos. Since in vivo
and in vivo-ET embryos were similar in size, it is unlikely that the embryo transfer procedure
was responsible for the considerable size difference observed between normally fertilized and
cloned embryos. For this study, a single technician performed all the embryo transfers and
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collections and the recovery rate for in vivo-ET was similar to that for NT-35 embryos. The
difference in recovery of day 13 embryos between NT-5 and NT-35 most likely reflect a
difference in developmental competence and not just variability between animals.
Similar to previous reports, the in vivo bovine embryos analyzed in this study changed
from a spherical to an ovoid shape marking the onset of elongation between days 12 and 13. On
approximately day 12, the ICM or epiblast, displaces the overlying trophoblast lining and
establishes the embryonic disc (Betteridge et al., 1980; Betteridge, 1988; Maddox-Hyttel et al.,
2003). Post-hatched cloned embryos did not undergo this elongation process. Cloned embryos
at day 13 were ovoid shaped, characteristic of normal embryos on day 10 to 12. Furthermore,
the embryonic disc was not recognizable at day 13 in cloned embryos. These observations
support the hypothesis that cloned embryos are developmentally slower compared with normally
fertilized embryos.
Numerous reports have investigated the DNA methylation and Dnmt levels in cloned
embryos from the one-cell embryo to the blastocyst stage (Dean et al., 2001; Chung et al., 2003;
Shi et al., 2003; Wrenzycki and Niemann, 2003; Beaujean et al., 2004). However, little is known
about this remodeling process in either in vivo or cloned bovine embryos after hatching.
Similar to mouse embryos, Dnmt-3b is the most abundant Dnmt found from gastrulation
to initiation of the elongation process in bovine embryos. Moreover, a significant increase in the
levels of Dnmt-3b mRNA was observed at day 10 and during the egg cylinder shape in bovine
and mouse embryos, respectively. In mouse embryos this Dnmt peak occurs coincidentally with
a genome-wide DNA methylation pattern (Monk, 1990). Bovine embryos may also undergo a
process of hypermethylation as a result of the elevated level of this de novo Dnmt. The amount
of Dnmt-3a remained constant from gastrulation through elongation in bovine embryos.
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However, Dnmt-3a was not detected in significant amounts in mouse embryos from the free
blastocyst to the early streak stage (Watanabe et al., 2002). Low levels of Dnmt-1 were detected
in bovine embryos on day 13 but not before, indicating that this maintenance Dnmt is only
expressed after the new embryonic methylation pattern has been established by Dnmt-3a and
Dnmt-3b.
Numerous reports have demonstrated that Dnmts in pre-hatched cloned embryos are
expressed at abnormal levels and/or at inappropriate developmental stages, resulting in impaired
nuclear reprogramming (Dean et al., 2001; Chung et al., 2003; Beaujean et al., 2004; Suteevun et
al., 2006). The expression patterns of Dnmts in post-hatched cloned bovine embryos have not
been extensively analyzed. This study demonstrates that the gene expression level of Dnmt-3b is
low in the majority of cloned embryos on days 7 and 13, independent of the cell used as donor
karyoplast. However, a considerable portion of day 13 embryos reconstructed with cells at late
PDs (NT-35) showed higher levels of Dnmt-3a than in NT-5 and in vivo embryos. Although
several reports suggest that Dnmt-3a and Dnmt-3b possess distinct functions (Miniou et al, 1997;
Xu et al., 1999), Okano et al. (1999) demonstrated that a deficiency of Dnmt-3b results in
increased gene expression levels of Dnmt-3a to partially compensate for the lack of the other
transcript. The high levels of Dnmt-3a in NT-35 embryos may indicate the activation of a rescue
mechanism to compensate for the deficiency of Dnmt-3b. However, there is no evidence to
support the hypothesis that the low levels of Dnmt-1 in PD-35 cells at the time of fusion are
directly responsible for the up-regulation of Dnmt-3a. In general, abnormal regulation of the de
novo Dnmts was observed in all cloned embryos.
Vast numbers of genes become down- or up-regulated in the trophoblast cells of bovine
embryos between days 7 and 14 in order to support embryogenesis and implantation (Ushizawa
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et al., 2004). Previous research indicates that bovine trophoblast cells grow and express high
levels of INFτ throughout the elongation process (Degrelle et al., 2005). The low number of
trophoblast cells and the apparent delay in elongation of cloned embryos may contribute to the
low level of INFτ detected in this study.
Trophoblast cells of NT generated embryos have been reported to express aberrant levels
of MHC-I protein, which normally is suppressed in first-trimester cattle embryos (Hill et al.,
2002; Pfister-Genskow et al., 2005). However, in this study levels of MHC-I transcript were
detected in in vivo but not in cloned embryos at day 13. It is possible that the regulatory
mechanism that suppresses the expression of this transcript is not active at early stages
(Ushizawa et al., 2004). Additionally, the low number of trophoblast cells characteristic of day
13 cloned embryos may lead to the production of reduced or undetectable levels of this mRNA.
Difference in size, formation of the embryonic disc and developmental competence
between in vivo and cloned embryos on day 13 can be attributed to the NT procedure, rather than
to the embryo transfer and collection procedures. However, embryo transfer could affect gene
expression of Dnmt-1, INFτ and MHC-1.

Conclusions
NT embryos generated using donor cells with low levels of Dnmt-1 which were able to
reach the maternal-zygote transition produced a greater number of apparently normally
developing embryos, larger sized conceptuses and higher expression of Dnmt-3a on day 13 than
NT embryos reconstructed using cells with higher levels of Dnmt-1. Abnormal gene expression
of Dnmts, INFτ and MHC-1 was noted in the majority of cloned embryos indicating inefficient
or delayed nuclear reprogramming and embryo growth.
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CHAPTER VI
SUMMARY AND CONCLUSIONS
SCNT is a valuable tool for the study of embryonic development, production of
genetically superior or transgenic animals and generation of biomedical models. Despite
considerable efforts to produce cloned animals, the success of NT remains low, with just 1-2%
efficiency. The low percentage of cloned offspring produced has been attributed to a variety of
biological factors, including mitochondria heteroplasmy, poor oocyte quality, embryo
reconstruction and activation failure. However, characterization of cells used as karyoplasts
during NT has been limited to the examination of cell cycle synchronization between the donor
cell and recipient oocyte. This study analyzed proliferative capacity, chromosomal stability as
well as epigenetic characteristics of somatic cells and cloned embryos reconstructed with
fibroblasts at different PDs.
The first experiment examined growth characteristics and chromosomal stability of
bovine cell lines established using different primary culture techniques at various PDs. The
fibroblast cells studied in this experiment divided at a constant rate and cell cycle length
increased only at the end of the proliferative stage. Proliferative characteristics did not change
when enzymatic dissociation or explant outgrowth were used to establish the primary culture.
The cell lines analyzed in this experiemnt contained an increased percentage of aneuploid
cells immediately after the primary culture and remain high during culture. A high percentage of
bovine fibroblast cells were classified as aneuploid due to abnormal X chromosome content.
Furthermore, the proportion of multinucleated cells increased with time in culture. Additionally,
the use of explant outgrowth or enzymatic dissociation techniques to establish the primary
culture did not affect the level of aneuploidies at any stage of culture. Since alterations in the
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number of chromosomes occurred at the beginning of culture, it is possible that suboptimal
culture conditions rather than normal aging processes were responsible for the chromosomal
instability of these cells. This study also demonstrated that high levels of histone
phosphorylation occurred concurrently with an increased percentage of aneuploid cells,
multinuclearity and abnormal spindle structure. These data indicate that alterations in
cytokinesis, DNA condensation and chromosome segregation may be altered during in vitro
culture.
The second experiment investigated the gene expression patterns of enzymes responsible
for regulating epigenetic modifications and the resulting chromatin compaction level of bovine
fetal fibroblast cells at different stages of culture. mRNA content of chromatin remodeling
proteins and levels of methylated DNA and acetylated histone changed with time in culture in
the cell lines analyzed in this study. These observations indicate that in vitro culture conditions
may impact the mechanisms responsible for the expression of remodeling proteins and the
resulting gene expression profile of cultured cells. The simultaneous decrease of Dnmt-1,
MeCP2, and HDAC-1 mRNAs during the proliferative stage of culture was observed in three of
the four cells lines evaluated in this study. However, the synchronic decrease in expression of
these enzymes was lost when cells approach senescence. Levels of MeCP2 and HDAC-1
increased during the last divisions of the culture while Dnmt-1 mRNA remained low. It is
possible that cumulative DNA mutations, characteristic of senescent cells as a strategy to avoid
tumorigenic transformation, contribute to the abnormal expression of chromatin remodeling
proteins at the end of the lifespan of cultured cells.
Although Dnmt-1 expression decreased shortly after establishment of the primary culture;
no significant changes in methylated DNA were detected at the PDs analyzed, indicating that
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down-regulation of this chromatin remodeling protein is not due to a decrease in the rate of the
synthesis of its mRNA. This evidence suggests that Dnmt-1, may be post-transcriptionally
and/or post-translationally regulated enzymes. Thus, a reduction in the levels of these Dnmt
mRNAs may not be sufficient to decrease the protein level and the resulting change in the
methylated DNA pattern.
To determine if the low levels of Dnmt-1 transcript detected in cells at late PDs affect the
efficiency of NT, the development potential of cloned bovine embryos reconstructed using
somatic cells at early and late PDs were examined in Experiment 3. The embryonic development
pattern of cloned embryos using cells with low levels of Dnmt-1 (cells at late PDs) differed from
those generated using fibroblasts with higher levels of this transcript (cells at early PDs). A
significantly lower percentage of embryos reconstructed with cells at late PDs compared with
early PDs developed to the premorula stage. It is possible that the high percentage of
chromosomal abnormalities (aneuploidies, multinuclearity and abnormal spindle formation)
observed in cells after extended time in culture impair early embryonic development.
Interestingly, a higher rate of 8-16 cell embryos developed to the blastocyst stage when cells at
late PDs were used as donor cells compared with cells at early PDs. Moreover, embryos
reconstructed with cells at late PDs and able to reach the premorula stage were more competent
than embryos generated with young cells to support further embryonic development. It is
possible that depletion in Dnmt-1 content at the time of NT may facilitate the hypomethylation
process during the first divisions in cloned embryos. However, determination of the DNA
methylation patterns in these cloned embryos is required in order to support this hypothesis.
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A higher percentage of embryos and larger conceptuses were collected on day 13 when
donor karyoplasts with low levels of Dnmt-1 were utilized. These cloned embryos, however,
showed a significant delay in growth when compared with in vivo embryos.
Gene expression of Dnmt-1, Dnmt-3a, Dnmt-3b, INFτ and MHC-I transcripts in cloned
and in vivo embryos in pre- and post-hatched stages were also analyzed in this study. This
experiment demonstrated that the gene expression level of Dnmt-3b was down-regulated in the
majority of cloned embryos on days 7 and 13, independent of the cell used as donor karyoplast.
However, a considerable portion of embryos reconstructed with cells at late PDs showed higher
levels of Dnmt-3a than in NT-5 and in vivo embryos.
Difference in size, formation of the embryonic disc and developmental competence
between in vivo and cloned embryos on day 13 can be attributed to the NT procedure, rather than
to the embryo transfer and collection techniques. Nevertheless, expression of genes normally
present in in vivo embryos such as Dnmt-1, INFτ and MHC-1 were down-regulated in in vivoET embryos. These observations may indicate that embryo manipulation techniques different to
the NT procedure can delay or impair embryo development.
In summary, Experiment 3 demonstrated that NT embryos generated using donor cells
with low levels of Dnmt-1 that reach the maternal-zygote transition produced a greater number
of apparently normally developing embryos, larger conceptuses and higher expression of Dnmt3a on day 13 than NT embryos reconstructed using cells with higher levels of Dnmt-1.
However, abnormal gene expression of Dnmts, INFτ and MHC-1 was noted in the majority of
cloned embryos indicating inefficient or delayed nuclear reprogramming and embryo growth.
In conclusion, somatic cells undergo metabolic and nuclear changes during in vitro
culture. These results are significant because these changes occurring in somatic cells under
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routine in vitro culture conditions undoubtedly affect the success of SCNT. Additionally, an
increased understanding of the mechanisms involved in cell proliferation chromosome
segregation and chromatin compaction of cells cultured in vitro will allow us to identify and
modify suboptimal culture techniques in addition to create or select donor karyoplasts more
amenable for reprogramming and ultimately improve NT efficiency.
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APPENDIX A: PROTOCOLS
KARYOTYPING PROTOCOL
1.

Thawed or passage cells 24 h prior to cell synchronization.

2.

Add 0.05 µg/ml of Colcemid to the cell culture.

3.

Incubate for 20 min.

4.

Dissociate the cells from the cell culture flask.

5.

Centrifuge the cell suspension for 5 min at 300 x g.

6.

Discard supernatant.

7.

Resuspend cells in 5 ml of hypotonic solution (Appendix B) and incubate for 5 min at
38°C.

8.

Centrifuge the cell suspension for 5 min at 300 x g.

9.

Resuspend the cells very carefully in 1 ml of fixative.

10.

Keep the cells for 24 h at -20°C.

11.

Centrifuge the cell suspension for 5 min at 300 x g.

12.

Resuspend the cells in 500 µl of fresh fixative (Appendix B).

13.

Place three drops of cell suspension on a precleaned slide.

14.

Allow the slide to dry at room temperature for 10 min.

15.

Stain slide with Giemsa solution (Appendix O) for 10 min.

16.

Allow the slide to air dry.
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DETECTION OF INTRACELLULAR ANTIGENS
1. Trypsinize and centrifuge the cells.
2. Wash the cells with 3 ml of PBS (Ca++ and Mg++ free) containing 1% BSA (Appendix B) and
0.1% Tween20 (PBST-BSA; Appendix Q). Centrifuge and discard the supernatant.
3. Fix the cells with 2 ml of a paraformaldehyde solution (Appendix B) for 10 min at 38°C.
4. Centrifuge and discard the supernatant.
5. Add 200 ml of PBS. Place the cell suspension at 4°C for 10 min.
6. Add 1.8 ml of cold methanol (100%). Place the cell suspension at -20°C for 30 min.
Centrifuge and discard the supernatant.
7. Wash the cells with 3 ml of PBST-BSA. Centrifuge and discard the supernatant.
8. Add 3 ml of 2N HCl (Appendix B) to the pellet. Incubate the cells suspension at 37°C for 30
min. Centrifuge and discard the supernatant.
9. Neutralize the fixative pH with 3 ml of 0.1 M borate buffer (pH 8.5; Appendix B) for 5 min
at room temperature. Centrifuge and discard the supernatant.
10. Wash the cells twice with 3 ml of PBS containing 1% BSA and incubate for 30 min.
Centrifuge and discard the supernatant.
11. Incubate the cells with the appropriate antibodies.
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NUCLEAR TRANSFER PROTOCOL
1. Wash oocytes in NT holding medium (Appendix B) after 18 hr in maturation.
2. Place the oocytes in 1.5 ml of hyaluronidase solution (Appendix B).
3. Incubate the oocytes with the hyaluronidase solution for 1 min.
4. Denude the oocytes with a small glass pipette.
5. Stain the denuded oocytes with a solution containing Hoechst (Appendix B) for 20 min.
6. Transfer the stained oocytes in a 25 µl drop of micromanipulation medium (Appendix B).
7. Enucleate all oocytes.
8. Confirm enucleation by visualizing of the karyoplast under UV light.
9. After enucleation, place the resulting cytoplasts in NT holding medium until injection of the
donor cells.
10. Place the cytoplasts and the donor cells in micromanipulation medium.
11. Introduced a 30 µm pipette (external diameter) containing the donor cell. Wedge the cell
between the zona and the cytoplast membrane to facilitate close membrane contact for
subsequent fusion.
12. Wash couplets in Ca++-free mannitol fusion medium (Appendix A).
13. Fuse couplets 24 hr post-start maturation using Ca++-free mannitol fusion medium. Fuse
with two DC pulses of 2.25 kV/cm (112 kV in a 0.5 cm chamber) for 15 µsec.
14. Wash and place the oocytes in NT holding medium.
15. Incubate for 30 min and check fusion.
16. Re-fuse if needed.
17. Culture reconstructed embryos in CR1aa plus cytochalasin B (Appendix B) for 4-6 hr.
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18. Activate embryos by incubation in 5 µM ionomycin medium (Appendix B) for 4 min at
37°C.
19. Rinse embryos in NT washing medium (Appendix AC) for 5 min
20. Culture embryos for 4 hr in 2 mM of DMAP plus cytochalasin B (Appendix B).
21. Place activated embryos in CR1aa at 37°C and 5% CO2.
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DIFFERENTIAL STAINING PROTOCOL
1. Wash day 7 or 8 embryos in PBS.
2. Incubate the embryos with 10 µl of Hoechst stock solution (Appendix C) for 30 min.
3. Permeabilize the membranes with 0.04% Triton X-100 (Appendix B) for 3 min.
4. Incubate the embryos with 20 µl of PI stock solution (Appendix C) for 5 min.
5. Wash embryos in PBS.
6. Mount the embryos onto a glass microscope slide in a drop of 25% glycerol.
7. Gently flatten the embryos with a coverslip.
8. Count number of cells using an epifluorescent microscope equipped with an UV filter cube.
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SOMATIC CELLS RNA ISOLATION PROTOCOL
1. Stored 1x106 cells in the minimum possible amount of PBS plus 0.1% polyvinyl alcohol in
1.5 ml siliconized tubes.
2.

Bring Dynabeads mRNA® DIRECT™ Kit (Dynal Cat No. 610.11) to room temperature.

3. Lyse the embryos in 1250 µl of lysis buffer (100 mM Tris HCl, pH 8.0; 500 mM LiCl, 10
mM EDTA, 1% lithium dodecylsulfate, 5 mM dithiothreitol).
4. Shear DNA with 21 g needle 3-5 times using a 1-2 ml syringe and vortex for 10 sec.
5. Add 250 µl of pre-wash the oligo dT Dynabeads to the sample.
6. Incubate the Dynabeads and sample by rotating on a mixer or roller for 10 min at room
temperature.
7. Place the tubes in a magnetic separator for 2 min.
8. After removal of the supernatant, wash the beads three with 1 ml of buffer A (10 mM Tris
HCl, 150 mM LiCl, 1 mM EDTA, 0.1% lithium dodecylsulfate; pH 8.0;) and three times
three times with 1 ml of buffer B (10 mM Tris HCl, pH 8.0; 150 mM LiCl, 1 mM EDTA).
9. Elute the RNA from the beads by adding 11 µl of sterile water and heating the sample at
75°C for 2 min.
10. Use the sample directly for reverse transcription.
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EMBRYO RNA ISOLATION PROTOCOL
1. Stored one or two embryos in 3 µl of PBS plus 0.1% polyvinyl alcohol in 1.5 ml siliconized
tubes.
2.

Bring Dynabeads mRNA® DIRECT™ Kit (Dynal Cat No. 610.11) to room temperature.

3. Lyse the embryos in 50 µl of lysis buffer (100 mM Tris HCl, pH 8.0; 500 mM LiCl, 10 mM
EDTA, 1% lithium dodecylsulfate, 5 mM dithiothreitol) and vortex for 10 sec.
4. Centrifuge the samples at maximum speed for 15 sec and incubate at room temperature for
10 min.
5. Add 10 µl of pre-wash the oligo dT Dynabeads to the sample.
6. Incubate the Dynabeads and sample by rotating on a mixer or roller for 10 min at room
temperature.
7. Place the tubes in a magnetic separator for 2 min.
8. After removal of the supernatant, wash the beads once with 50 µl of buffer A (10 mM Tris
HCl, 150 mM LiCl, 1 mM EDTA, 0.1% lithium dodecylsulfate; pH 8.0;) and three times
three times with 100 µl of buffer B (10 mM Tris HCl, pH 8.0; 150 mM LiCl, 1 mM EDTA).
9. Elute the RNA from the beads by adding 11 µl of sterile water and heating the sample at
75°C for 2 min.
10. Use the sample directly for reverse transcription.
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CELLS cDNA SYNTHESIS PROTOCOL
1. Mix 4 µl of iScript reaction mix, 1 µl of reverse transcriptase, 9.5 µl of nuclease-free water.
2. Make master mixers when possible.
3. Add 5.5 µl of mRNA sample.
4. Extra mix should be prepared for the negative controls. One without RNA sample and other
one without reverse transcriptase.
5. Total volume mix should be 20 µl.
6. Place the mix in the thermocycler.
7. Run the thermocycler at 25°C for 5 min, 42°C for 30 min, 85°C for 5 min and store at 4°C.
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EMBRYOS cDNA SYNTHESIS PROTOCOL
1. Mix 4 µl of iScript reaction mix, 1 µl of reverse transcriptase, 4 µl of nuclease-free water.
2. Make master mixers when possible.
3. Add 11 µl of mRNA sample.
4. Extra mix should be prepared for the negative controls. One without RNA sample and other
one without reverse transcriptase.
5. Total volume mix should be 20 µl.
6. Place the mix in the thermocycler.
7. Run the thermocycler at 25°C for 5 min, 42°C for 30 min, 85°C for 5 min and store at 4°C.
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RT-PCR PROTOCOL
1. Mix 5 µl of 10X PCR buffer, 1 µl dNTP mix (Appendix AF), 2.5 µl Jump Start™ REDTag™
DNA Polymerase and 38.5 µl of water. Make a bigger volume if needed it (Master Master
Mix-MMM; Appendix AG).
2. Add 1 µl of each primer (20ρmol) to the MMM. Make a bigger volume if need it. (Master
Mix-MM; Appendix AH)
3. Add 1 µl of the cDNA sample to the MM (RT-PCR Mix; Appendix AI).
4. Save enough MMM and MM for the negative controls (no primers and no cDNA).
5. Place the samples in the thermocyler.
6. Run one cycle of 1 min at 95°C; 35 cycles of PCR (95°C for 30 sec, 55°C for 30 sec, and
72°C for 30 sec); followed by 72°C for 4 min; and cooling at 4°C.
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SOMATIC CELL Q-PCR PROTOCOL
1. Mix 12.5 µl of iQ SYBR™ Green Supermix, 1 µl of each primer (10 ρmol), 8.5 µl of water
(Master Mix, MM; Appendix B).
2. Add 2 µl of cDNA to the MM (Appendix B).
3. A master mix per cDNA sample should be formulated.
4. Prepare enough master mix to run negative controls (no primers and no cDNA) per gene of
interest.
5. Place the sample in the thermocycler.
6. Run one cycle of 3 min at 95°C; 40 cycles of PCR (95°C for 10 sec, 55°C for 45 sec, and
95°C for 1 min); a melting curve consisting of 95°C for 1 min followed by 55°C for 1 min, a
step cycle starting at 55°C for 10 sec with a 0.5°C/sec transition rate; and cooling at 4°C.
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GENE EXPRESSION QUANTIFICATION PROTOCOL
1. Use the comparative CT method described by Livak and Schmittgen, 2001.
2. Use gene transcription of cells or a mix of fibroblast cells and embryos as the calibrator for
the target genes. The same calibrator mix should be used throughout all the experiments and
plates.
3. Use Poly A as the endogenous control gene.
4. Use the signal of the reference gene Poly A to normalize the target gene signals of each
sample.
5. Calibrate the ∆CT for gene transcription against the sample used as calibrator.
6. Report gene quantification as relative transcription or the n-fold difference relative to a
calibrator.
7. Calculate the relative linear amount of target molecules relative to the calibrator by 2-∆∆CT.
8. Estimate the ∆∆CT by subtracting the ∆CT value of the calibrator from ∆CT value of the
sample.
9. Calculate the ∆CT value of the sample by subtracting the Ct value of the reference gene
(Poly A) from the CT value of the target gene.
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APPENDIX B: MEDIA FORMULATION

HYPOTONIC SOLUTION1
Component

Product Number

Company

MilliQ H20

-

-

S-4641

Sigma

Sodium Citrate
1

Amount
100 ml
0.9 g

Filter and store at room temperature indefinitely.

FIXATION SOLUTION1
Component

Product Number

Company

Methanol

A452-4

Fisher

15 ml

Acetic Acid

A-6283

Sigma

5 ml

1

Amount

Prepare on day of use.

GIEMSA SOLUTION1
Component
ddH20
Giemsa Stain
1

Product Number

Company

-

-

28.0 ml

GS-500

Sigma

2.0 ml

Prepare on day of use.
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Amount

1% BSA SOLUTION1
Component

Product Number

Company

dPBS

21600-010

Gibco

100 ml

BSA

A-4503

Sigma

1.0 g

1

Amount

Adjust pH to 7.4. Prepare on day of use.

PBST-BSA1
Component

Product Number

Company

dPBS

21600-010

Gibco

100 ml

BSA

A-4103

Sigma

1.0 g

Tween 20

P-1379

Sigma

100 µl

NaOH 1N

SS266-1

Fisher

200 µl

1

Amount

Prepare on day of use.

PARAFORMALDEHYDE SOLUTION1
Component
dPBS
Paraformaldehyde 16%
1

Product Number

Company

21600-010

Gibco

24.6 ml

15700

Electron
Microscopy
Sciences

390 µl

Prepare on day of use.
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Amount

HCl SOLUTION1
Component
ddH20
HCl
1

Product Number

Company

Amount

-

-

82.8 ml

H-7020

Sigma

17.2 ml

Store at room temperature indefinitely.

BORATE BUFFER1
Component
dPBS
Boric Acid
1

Product Number

Company

Amount

21600-010

Gibco

100 ml

A73-3

Fisher

5 ml

Adjust pH to 8.5. Store at room temperature indefinitly.

NT HOLDING MEDIUM1
Component

Product Number

Company

-

-

9.6 ml

15140-122

Gibco

100 µl

BME Amino Acids

B-6766

Sigma

200 µl

MEM amino Acids

M-7145

Sigma

100 µl

NaOH 1N

SS266-1

Fisher

30 µl

Modified CR1 stock
Penicillin/Streptomycin

1

Do not filter. Prepare on day of use.
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Amount

HYALURONIDASE SOLUTION1
Component

Product Number

Company

TL-Hepes

S-5886

Sigma

4.3092 g

Hyaluronidase

H-3506

Sigma

0.1974 g

BSA

A-4503

Sigma

0.2171 g

1

Amount

Filter and aliquot of 1 ml. Solution may be stored at -80oC indefinitely.

HOECHST SOLUTION1
Component

Product Number

Company

Amount

NT Hoding Medium

-

-

996.5 ml

Hoechst stock (1mg/ml)

-

-

3.5 µl

1

Do not filter. Prepare on day of use. Light sensitive

MICROMANIPULATION MEDIUM1
Component

Product Number

Company

NT Holding Medium

-

-

992.5 µl

Cytochalasin B (1 mg/ml)

-

-

7.5 µl

1

Do not filter. Prepare on day of use.
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Amount

FUSION MEDIUM1
Component

Product Number

Company

Mannitol

M-1902

Sigma

2.36 g

MgSO4

M-7774

Sigma

2.45 g

Hepes

M-3375

Sigma

5.95 g

PVA

P-8136

Sigma

50 mg

-

-

50 ml

MilliQ H2O
1

Amount

Filter and store at 4°C for up to 3 months. Adjust pH to 7.4 with Trizma
base 0.1M on day of use.

CR1aa EMBRYO CULTURE MEDIUM1
Component

Product Number

Company

CR1 stock

-

-

4.67 ml

BME Amino Acids

B-6766

Sigma

100 µl

MEM Amino Acids

M-7145

Sigma

50 µl

15140-122

Gibco

50 µl

L-Glutamine stock

-

-

25 µl

Alanine stock

-

-

50 µl

Glycine stock

-

-

50 µl

A-4503

Sigma

15 mg

Penicillin/Streptomycin

BSA
1

Filter and store at 4°C for 1 week.
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Amount

CYTOCHALASIN MEDIUM1
Component

Product Number

Company

CR1 stock

-

-

498.7 µl

Cytochalasin B (1 mg/ml)

-

-

1.25 µl

1

Amount

Do not filter. Prepare on day of use.

IONOMYCIN SOLUTION1
Component

Product Number

Company

TL-Hepes

04-616F

Cambrex

989 µl

BSA FAF

A-6003

Sigma

1 mg

-

-

1 µl

Ionomycin (5 mM)
1

Amount

Prepare on day of use.

WASHING MEDIUM1
Component

Product Number

Company

TL-Hepes

04-616F

Cambrex

2.25 ml

Calf Serum

SH30063

HyClone

250 µl

BSA FAF

A-6003

Sigma

75 mg

NaOH 1N

SS266-1

Fisher

12.5 µl

1

Prepare on day of use.
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Amount

ACTIVATION MEDIUM1
Component

Product Number

Company

CR1aa medium

-

-

984 µl

DMAP (200 mM)

-

-

10 µl

Cytochalasin B (1 mg/ml)

-

-

7.5 µl

1

Amount

Prepare on day of use.

0.04% TRITON SOLUTION1
Component
dPBS
Triton X-100
1

Product Number

Company

14080-055

Gibco

10 ml

T-9284

Sigma

4 µl

Store at 4°C.
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Amount

dNTP MIX1
Component

Product Number

Company

dATP

1-969-064

Roche

10 µl

dCTP

1-969-064

Roche

10 µl

dGTP

1-969-064

Roche

10 µl

dTTP

1-969-064

Roche

10 µl

H2O2

-

-

60 µl

1
2

Amount

Store at -20 C.
Autoclave the water before use.

RT-PCR MASTER MASTER MIX (MMM)
Component

Product Number

Company

H2O1

-

-

38.5 µl

dNTP mix

-

-

1 µl

PCR Buffer 10X

D-8187

Sigma

5 µl

Jump Start (TAG)

D-8187

Sigma

2.5 µl

1

Autoclave the water before use.
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Amount

RT-PCR MASTER MIX (MM)
Component

Product Number

Company

Amount

RT-PCR MMM

-

-

47 µl

Primer 1

-

Invitrogen

1 µl

Primer 2

-

Invitrogen

1 µl

Product Number

Company

Amount

RT-PCR MM

-

-

49 µl

cDNA

-

-

1 µl

RT-PCR MIX
Component

Q-PCR MASTER MIX (MM)
Component

Product Number

Company

170-8882

BioRad

Primer 1

-

Invitrogen

1 µl

Primer 2

-

Invitrogen

1 µl

H2O1

-

-

SYBR Green Supermix

1

Autoclave the water before use.
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Amount
12.5 µl

8.5 µl

Q-PCR MIX
Component

Product Number

Company

Q-PCR MM

-

-

23 µl

cDNA

-

-

2 µl
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Amount

APPENDIX C: STOCK SOLUTIONS

CR1 STOCK MEDIUM1
Component

Product Number

Company

NaCl

S-5886

Sigma

670 mg

KCl

P-5405

Sigma

23.1 mg

NaHCO3

S-5761

Sigma

220 mg

Pyruvic Acid

P-4562

Sigma

4.4 mg

Lactic Acid

L-4388

Sigma

54.6 mg

Phenol Red

P-0290

Sigma

100 µl

MilliQ H2O

-

-

100 ml

1

Amount

Filter and store at 4°C for up to 3 months.

MODIFIED CR1 STOCK MEDIUM1
Component

Product Number

Company

NaCl

S-5886

Sigma

756 mg

KCl

P-5405

Sigma

23.1 mg

NaHCO3

S-5761

Sigma

220 mg

Hepes

H-3375

Sigma

238 mg

Pyruvic Acid

P-4562

Sigma

4.4 mg

Lactic Acid

L-4388

Sigma

54.6 mg

Phenol Red

P-0290

Sigma

100 µl

MilliQ H2O

-

-

100 ml

1

Filter and store at 4°C for up to 3 months.
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Amount

L-GLUTAMINE STOCK1
Component

Product Number

Company

MilliQ H2O

-

-

10 ml

L-Glutamine

G-8540

Sigma

0.29 g

1

Amount

Make aliquots of 60 µl and store at -20°C.

GLYCINE STOCK1
Component

Product Number

Company

MilliQ H2O

-

-

10 ml

G-8790

Sigma

39 mg

Glycine
1

Amount

Make aliquots of 60 µl and store at -20°C.

ALANINE STOCK1
Component

Product Number

Company

MilliQ H2O

-

-

A-7469

Sigma

Alanine
1

Make aliquots of 60 µl and store at -20°C.
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Amount
10 ml
45.4 mg

HOECHST STOCK1
Component

Product Number

Company

MilliQ H2O

-

-

5 ml

H-2261

Sigma

5 mg

Hoechst 33342
1

Amount

Make aliquots of 10 µl and store in the freezer.

CYTOCHALASIN B STOCK1
Component

Product Number

Company

DMSO

D-2650

Sigma

1 ml

Cytochalasin B

C-6762

Sigma

1 mg

1

Amount

Make aliquots of 30 µl and store at -80°C.

IONOMYCIN STOCK1
Component

Product Number

Company

DMSO

D-2650

Sigma

268 µl

Ionomycin

I-0634

Sigma

1 mg

1

Make aliquots of 5 µl and store at -80°C.
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Amount

DMAP STOCK1
Component
DMAP
MilliQ H2O2
1
2

Product Number

Company

Amount

D-5640

Sigma

24.43 mg

-

-

1 ml

Make aliquots of 15 µl and store at -80°C.
Prewarm the water at 38°C.

PROPIDIUM IODIDE STOCK
Component
Propidium iodide
MilliQ H2O
1

Product Number

Company

11150-059

Sigma

-

-

Make aliquots of 20 µl and store at -80°C.
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Amount
25 mg
1 ml

APPENDIX D: LETTER OF PERMISSION
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